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Introduction
N
The present study is investigating the basic neuromotor coordination ‘N
-2
R,
mechanisms involved in a rapid elbow flexion movement, and in developing :{j
>
mathematical models to explain the interaction of these basic neuromotor
coordinations with the biomechanical parameters of movement speed. Speed of Y
movement is being assessed in a biomechanics mode via displacement, velocity, e
acceleration, point of inflection between acceleration and deceleration, and
the total time of an elbow flexion movement. Electromyographic analysis T
techniques are used to monitor the sequential timing of agonist and antagonist ;i}
'~"~:
-

muscle activity. The mathematical modelling effort incorporates the biomechanical
parameters into an interface with the neurophysiological parameters involving

the central and peripheral nervous systems, and then extends the interface to

include viscicelastic perperties of the muscle, activation delays, and neurornal

S

l\'.‘-

Dools. N
: . : : N NS

The experimental approach includes consideration of the neuromotor ccordination S~

i. :-
mechanisms in both loaded and unloaded elbow flexion movements; changes in .
' Y X "-

, . . - . Ay
control mechanisms due to practice and learning effects; changes in control T
mechanisms due to local muscular fatigue induced by isometric exercise in the Ll
s

agonist and in the antagonist muscle groups; feasible training and practice )
NS
regimens involving artificial means of enhancing beneficial changes in control i(;
mechanisms; and develorment of suitable mathematical models to explain in -:Q
b'-"‘..
functional terms “he ways in which the adaptive mechanisms can acccunt Zor __
changes in basic coordination skill and the breakdown of skilled movement ji
patterns due to local muscular fatigue. The planned series of studies in- N
P

corporates research proticcls Irom at least three usually distinct and isclated

.
.

.
.
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.

e
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areas of research: neurcpnysiology, bicmechanics, and computer science and -

VIR
’
- e
.

mathematical modelling.
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Summary of Part I. Ex?erimental Studies

The first formal investigation completed December, 1980 was designed
to secure criterion measure estimates essential for input into preliminary
mathematical modelling attempts for an unlocaded fast elbow flexion movement.
As the early mathematical mcdels developed, it was necessary to revise
experimental methodologies and to collect additional criterion measures as
dictated by modelling needs. The first stage of mathematical modelling has
been completed and is described in Part II of this report.

Beginning in January, 1981 the second formal investigation was begun.
Again guided by the insights and requirements generated by the mathematical
modelling, the second study assessed basic neuromotor mechanisms involved in
fast elbow flexion: (a) in loaded and unloaded conditions, (b) under
conditions of rested and induced fatigue of the agonist or the antagonist
muscle groups, (c) a unique condition in which agonist and sntagonist muscle
groups are, simultaneously fatigqued, and (d) in male and female subjects.

During the second year of the grant, data were collected on make and
female subjects trained on isotonic rapid elbow flexion movements. Following
sufficient training to yield reproducible motion characteristics, muscle fatigue
was induced separately for agonist and antagonist muscles as well as for a combined
agonist and antagonist muscle fatigue regimen. Both high and low intensity loads
were employed to produce isotonic fatigue. Testing was dore in the loaded and
unloaded moces. Biomechanical data on displacement, velocity, acceleraction,
and point of inflection between acceleration and deceleration was obtained.

Concurrent EMG activity of agonist and antagonist muscle grcuprs was monitored.

The results are teing used to further refine mathematical models of Zast arm
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movement as driven by volitional commands that were derived during the first
year of the grant. Pilot studies were initiated to evaluvate the feasibility
of using functional electrical stimulation to increase speed of limb movement,
aid in identifying mechanisms of neuromotor ccordination, and examine the
likelihood of imparting movement patterns artificially without actual physical

practice.

Part I-A. Completed Work

Both Principals Investigators devoted full time during the first summer to
the grant by (a) identifying, reviewing, and evaluating recent research
sublications relevant to theoretical aspects of the grant project, (b) planning
the revised research protocols in detailed methodology, and (¢) identifving,
reviewing, and evaluating recent research publications relevant to data analysis
and computer programming. Two research assistants were employed during the
month of August to expedite these undertakings. Preliminary orders for necas-
sary expendable supplies were sent out.

In September, 1980 additional graduate research assistants (RA's) were
recruited. In:Dr. Kilmer's case the RA continued on with computer prograrming
for the mathematical modelling aspects of the project. In Dr. Kroll's case new
RA's were indoctrinated into research data collection protocols. The in-

doctrination phase included practice in arparatus usage, maintenance, and

calibration technigues as well as pilot testing research measurement schedules
o insure reliarility of data collection. The indoctirination phase lasted six
Wweeks resulting in highly proficient research assistants capable of cnllecting

reliable data.




Beginning the end of Octcber, 1981 data collection for the first project
began. The first study was designed to secure essential criterion measure
necessary for input into preliminary mathematical models. These criterion
measures include:

...maximum isometric strength of elbow flexion and extension

...rate of tension development

...integrated electromyographic activity at maximal and sub-maximal
tensions and joint angles

..agonist-antagonist contraction patterns during unloaded speed-of-
movement elbow flexion

...effects of local muscular fatigue upon neuromotor coordination

Preliminary mathematical modelling attempts quickly showed that additional
criterion measures would be necessary. As a result of the modelling requirements,

upper limb volumes and biceps and triceps reflex time and rate of muscle tension

development were collected. Limb volumes were estimated by anthropometric and
water displacement techniques. The research assistant was trained in these
technigues by Professor Frank Katch of the Department of Exercise Science who
a recognized researcher in the body composition area. A MEDLARS literature
search revealed only a few scattered articles dealing with uprer limb reflex
times with none of the data appropriate for modelling reguiremenits. Suitable
apparatus was designed and built for upper human limb reflex testing. Limb
volumes and reflex times have been collected on all subjects tested to date.
In this first study of Phase I, each of the 12 subjects was tested over
ten exrerimental sessions with each session “aking 90-120 minutes. Zight of
these sessions involved speed of movement testing while the other two sessions
invoived uprer limb reflex and volume assessments. Each c¢f the first four

axperinental days included SO trials of rapid elbocw flexion sceed of movement
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to a designated target. Previous research has shown that this amount of
practice insures that all subjects become well-practiced and exhibit consistent,
stabilized performance both in the speed of movement as well as in the neuro-
motor coordination mechanisms. Following the establishment of well-practiced
performance, local muscular fatigue was induced by two different effort/rest
exercise regimens. A S5~second maximal isometric contraction with a S-second
intertrial rest period--designated the 5:5 condition--for a total of 30 serial
trials constituted the more intense fatigue series. A 5-second maximal isometric
contraction with a 1l0-second intertrial rest period--designated the 5:10
condition~-for a tctal of 30 serial trials constituted the less intense exesxcise
regimen.

These two exercise regimens--the 5:5 and the 5:10 conditions--were designed
to produce different levels of fatigue in the involved muscle group. The 5:5
and the 5:10 exercise regimens were administered on separate occasions to the
agonist (elbow flexors) and to the antagonist (elbow extensors) muscle groups

using a balanced order order of vresentation over subjects and across test
sessions to minimize contaminating test order effects.

One of the purposes of inducing nigh and low intensity leccal muscular
fatigue in the agonist or antagonist muscle groups was to ascertain the role of
changes in the peripheral muscle state ané in rerirheral muscle afferent
feedrack to higher nervous system centers. Specifically, the cuestion of whether
or nct prograrmmed central commands £cr a fast ballistic movement can be altered

by the cresence of different levels of muscular Zaticue.

i=-3. Work ia Procress

In Phase II cf the grant prcgosal an investigation using the same <a2sting

schedule outlined for the Phase I study has been replicaced Zor elbow flexicn
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speed of movement. However, to further elucidate the basic neuromotor
coordination mechanisms a load is imposed upon the limb movement task. The
" imposition of a lcad, of course, greatly affects the muscle activation time
’ and sequential firing of involved muscle groups and constitutes a more ccmplex
movement task wit.:h distinctly more complex nervous system control system
involvement.
9
In order to insure identical locading for subjects with different limb
lengths, an inertial loading technique was used. The natural moment of
o inertia can be altered by placement of light weights at long distances and
heavy weights at short distances from the fulcrum point. The protocol employed
utilized a fixed weight for all subjects but varied the distance from the
- fulcrum point to comply with the condition of imposed moment of inertia. One
load condition used was equal to twe times the natural moment of inertia while
the second load condition was equal to five times the natural moment of inertia.
. In addition to the two different exercise regimens of 5:5 and 5:10
administered to the agonist and to the antagonist muscle groups on serarate
occasions, another set of exercise regimens was also administered. Based upon
v the matnematical modelling considerations, it was of interest to ascer+tain the
effect of local muscular fatigue in both the agornist and antagonist muscle
groups simultanecusly upon basic neuromotor coordination mechanisms. To
- accompl:sh such a goal of producing fatigue in both agonist ard antagonist
muscle groups, a flexion-to-extension coniraction seguence was designed.
By using a 3-second ccntraction of the 2lbcw flexcrs followed immediately
- by a S-second cecntraction of the elbow extensors with no intertrial rest veriod,
faticue efifects aguivalent to S-second contracticn and S-second rest rericds
g
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were produced in botl. the agonist and antagonist muscle groups. Similarly,

if the effort sequence is a S~second contraction of the elbow flexors

followed by a S5-second contraction of the elbow extensors followed by a S5-second
rest period, the equivalent fatigue effects of a 5-second contraction, 10-second
rest period exercise regimen can be produced in both the agonist and antagonist
muscle groups simultaneously.

These two new exercise regimens, designated the 5/5:0 and the 5/5:5,
aloow assessment of fatigue effects in the agonist and the antagonist muscle
groups upon basic neuromotor coordination mechanisms and provide a stringent
test of the predictive power of the mathematical model being developed. 1In
actuality the two new exercise regimens produced slightly more fatigue than
the 5:5 and the 5:10 regimens upon which thev were based because some degree
of co-contraction of agonist ana antagonist muscle groups occurs in maximal
isometric contractions. Such co-contraction effects, however, are desirable
since they will heighten the local muscular fatigue produced.

The Phase II study described above involved 12 male and 12 female subjects
with each subject attending 12 test sessions of 90-120 minutes each. Ten of
these sessionsg involved speed of movement and exercise conditions while the
other two sessions were for upper limb reflex and volume testing. Cne of the
research assistants (Zulma C. Garcia) used some of the data for her Ph.D.
disserta“ion in exercise science under the chairmanship of PI Xroll. Data
collection was completed March, 1981 with subsequent reducticn and analvsis of
data taking place. A Master's *hesis was completed as a pilot study dealing
with the effects of vibration uccn speed of movement and neuromotor coordination
mechanisms. This graduate student, Marilyn Teves, was not a research assistant

but her work was suppcrtzd in part by ourchase of essential expendable supplies.
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T' Data collected during Year 1 (1 July 1980-1 June 198l) was reduced,
analyzed, and results inputted into mathematical modelling projects. Research
manuscripts suitable for publication in scientific journals have been prepar=d
(see Appendices). Based upon insights generated by the mathematical modelling,
refinements in studies planned for Year 2 became necessary as they were also
during Year 1. Independent of the analysis of data all ready collected and
being inputted into mathematical modelling projects, Year 2 experimental studies

were begun the summer of 1981.

Essentially the same testing schedule which replicated fatigue and

coordination studies during Year 1 was begun the summer of 1981. The

exercise regimens, however, utilized isotonic rather than isometric muscular

contractions to induce fatigue.

Testing Schedule

Unloaded Movement Coordination and Fatigque

Subjects will perform 50 trials daily of rapid elbow flexion sreed of

movement. Four days of practice will be necessary to produce consistent and

stabilized performance. Following establishment of stabilized performance of

the neuromotor control mechanisms and motion characteristics, local muscular

fatigue will be induced as per the following exercise regimens:

1. Agonist Muscle Fatigue

Six bouts of isotonic elbow flexien. During each bout subiects

will perform repetitions at a load equal to that necessary to

produce a six repetition maximum (6-RM) or a 20-repetition

maximum (20-RM) bout. Preliminary testing on subject during the

baseline stabilization days will be used to establish the

individual loads to be used to produce a high intensity (€~R1) and

low intensity (20-RM) fatiguing exercising regimens.




2. Antagonist Muscle Fatigue
Same protocol as 1 above.

One of the purposes of high and low intensity local muscular fatigue via
the isotonic exercise regimens on the agonist and antagonist muscle groups
separately is to ascertain the role of changes in peripheral muscle feedback to
higher nervous system centers and determine if programmed central commands for
a fast ballistic movement can be altered by fatigue. Isotonic and isometric
exercise regimens produce differen£ kinds of fatigue and comparisons of the
isotonic and isometric exercise regimen effects upon neuromotor coordination
mechanisms is of particular relevance to understanding coordination of a fast
rovement.

Loaded Mcovement Coordination and Fatigque

The same testing schedule proposed above will be replicated for elbéw
flexion speed of movement against a load. In order to insure identical
loading for subjects with different limb lengths, an inertial loading technigue
will be used. The protocol will utilize a fixed weight for all subjects and
will vary the distance from fulcrum point to comply with the condition of moment
of inertia.

One load condition will equal two times the nature moment of irertia

and the second load condition will equal five times the natural moment of inertia.

Functional Electrical Stimulation

Pilot studies were initiated to evaluate the feasibility of using
electrical stimulation to increase speed of fast limb movement and examine the
rossibility of imparting movement patterns artificially without actual physical

practice. Study of the literature on Funcational Electrical Stimulatior (FES)
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® e
coupled with results from our own pilot studies showed that no electrical -
b
3
stimulation apparatus was commercially available which possessed all of the :‘:.}
-
e
» a
control features needed. Extended negotiations with several manufacturers *:
®
eventually led to one manufacturer agreeing to make necessary modifications to -~
their available stimulator. Design problems still exist with the present :::;:
simulator and additional modifications are being made by our own electronic ;—j:“.-
® : =
technician.
o
oA
Reverse Look Theory of Motor Learning )
: B
) As a direct result of Year 2 efforts, a new theory of motor learning has =
been formulated anf formally presented at a neurophysiology symposium on ft_
""i
. . . . . . RaY
movement disorders held at Columbia University in March of 1982 (see Appendix K
.:,
L for paper). The new theory has been named the reverse loop theory of motor s
learning since it is based upon sensory imparted learning (SIL) produced by :_‘:-':
electrical stimulation of movement synergy patterns prescribed by an analysis ::,'_\:
R
@ of neuromotor coordination mechanisms of human limb movement. One article is =
being prepared describing the reverse look theory of motor learning and sensorv :"
imparted learning for publicaticn in a suitable journal, possible the Journal .':;.
o
® of Motor Behavior of Experimental Brain Research.
II. Proposed Experimental Studies - Year 3 o
At the present time we are listing the effectiveness of several asgects ._,
L 4
of electrical stimulation. oD
N
s
1. Wave form: monophasic, biphasic, biphasic compensated N
N
® 2. ?Pulse duration o
3. Freqgquency of pulses ‘_._
4. 1Intensity level -.::\.
Y
:-:-
o
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The problem is made more complex because of the likelihood that motor units N
"
g
of different muscle fiber type composition may require different stimulus train 'ﬁJ
1]
» \J
L‘ parameters. Current efforts in mathematical modelling are directed at this b :
problem and will provide important guidelines for stimulation train parameters. N
Even at this time, however, crude parameter values have been ascertained for :Ti
effective stimulation and continued work will serve to refine the techniques o
. ?
and no obstacle to further progress is anticipated. KR
Early pilot testing revealed that electrical stimulation to produce muscle ﬂ}f
o synergy contraction as prescribed by a model of neuromotor coordination '_:;';:
mechanisms can produce learning (see appendix for paper presented at Columbia 3
ey
University Neurophysiology Symposium on movement disorders). Studies proposed G:
Ry
I3 . . . . . . X
for Year 3 will examine the importance of neuromotor ccordination mechanisms as e
far as producing improved performance through the use of electrical stimulation. -
Our work to date has shown several important neuromotor coordination :iy
. . . . i
mechanisms are involved in fast limb movement: S
1 . " 1} * .-
1. agonist to antagonist latency of activation NS
o
2. duration of EMG burst (or envelope of EMG activity) in agonist -:¢
and antagonist modes :‘-‘:
3. relative EMG intensity of agonist and antagonist muscle activity "
Series 1. A series of activities will manipulate all three basic neuromotor el
coordination mechanisms simultaneously and assess the degree to which well- ;if
A\l
practiced speed of limb movement can be improved by electrical stimulation
DAY
. N I3 K] . ..‘
designed to simulate muscle synergy contracticn patterns. By optimizing the o
A
S
three neuromoter cocrdination mechanisms to produce faster limb movement the oy
)
effectiveness and magnitude of electrical stimulaticn recimen can be assessed. -
Series 2. In orcder to elucidate the relative importance of each of these 3:3
three major neuromotor coordination mechanisms te limb movement, electrical
-y
w0y
7Y
. “
-1
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o

H. stimulation regimens must be devised to produce sensory imparted learning X
S

which manipulates each of these brain control mechanisms. Following the .f;

k establishment of well-practiced, stabilized speed-of-movement times and ;E'-
associated Eu'G patterns, groups of subjects will be electrically stimulated oA

while optimizing only one of the three basic control factors as a means of ":

° improving performance. One group of subjects, for example, will ke stimulated \
electrically with only the agonist to antagonist latency of activatiocn ]
manipulated to optimize limb movement. Ancther group of subjects will be

® stimulated with the duration of EMG activity manipulated to optimize limb ,_L.
movement. A third group of subjects will be stimulated with the relative

EMG activity of agonist and antagonist muscles being manipulated to cptimize -

limb movement. These three groups will be compared to a control group. ..‘

Series 3. A third series of studies will assess the relative importance ._;

"y

of the three basic neuromotor coordination mechanisms taken two at a time; \:’,

i.e., electrical stimulation will be applied to produce a muscle synergy i::
contraction pattern which optimizes two of the three basic control mechanisms. -.'.'_:

Such a paradigm requires three treatment conditions: 1 and 2, 1 and 3, 2 and ~

3 with comparison against a control group. ..

Each cf these three series of electrical stimulation studies will ke guided fj-::

by actual experimental results and by results of the optimization studies of ‘_‘
mathematical modelling. The exact research methodology must remain flexible - ¥

within these constraints, especially for series two and three. It is impossible .,~'_'

AN

to anticipate when all three series of studies can te completed, but it is -\

N

unlikely that they can be completed in one year and a reguest for an additional A

vear of grant support is a distinct likelihood. Stabilization of limb movement
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time and EMG patterns requires extensive practice for one or more weeks.
Electrical stimulation treatment sessions must be given for at least 2-3 weeks
before a re-test, and several such 2-3 week sessions must be given consecutively
in order to determine the magnitude of effects.

We would also like to begin to investigate the potential of high frequency
electrostimulation purported by the Russians to produce better strength gains
than normal exercise regimen. Our intention.is to utilize the electromuscular
stimulator (EMS) now commercially available to determine if the neuromotor
coordination mechanisms as expressed in EMG patterns are affected by increases
in muscle strength produced by EMS. Such a pilot investigation can be
accomplished mo;t effectively in connection with the proposed coordination

Two
studies. Our equipment request reflects the cost of teh such Electrostim 180

models manufactured by the NU-Med Surgical Supply Co. ($3,250 each).
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PART 11

Modelling

Summarv of Part [I:

We describe a two-cocmpartment model of the neurcmuscular system
involved in the voluntary Fast arm movement to a target discussad by Kroll
in Part [. Thae first compariment accents averagad bicsgs and tricaps G
signals as inputs, and moc2ls the arm's musculo-skaletal response Ly
producing eldew angular position 4(t) and velccity ;(t) over the correspond-

ing movement time. Tnis is called cur £/Q/#(t) model, and its dafining

equation is of the form
s(t) = (extensor tcrque = Q.) - (flexor tecrgue = QF).

A detailad version of this equaticn is being ccmputer-simulatsd with the
PASCAL programme listed in Appandix A.

Cur secand ccmpertment, callad our com/cont/t medal, accapts volitional
p ’

'

commands as inputs, and medels the nervous system's rasgonse by producing

-

smoothed Flaxor and extansor EMG signals to feed inta the Z/3/s medal.

ul

-4

[1-4 gives a schematic rapresanteticn of the ccm/cont/E mocdal, wnich is

explained in detzil in the renort.

. Pap 1
varicus centrol

The purposza of our two models is 0 separate th

(1}

functions in tha ballistic arm-movement syst=m well

(L]

nough ©d understanc

where edaptaticn cccurs as speed, precision, and cocrdinaticn af movemant

improva with Jractica.
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Since last June we haves completad an initial specification of two 1
A
models that will help us to better understand and guide the direction of RIS
. . e . s
&‘ Kroll's experiments. The first model accents smoothed EMG inputs to flexor ~
and extensor muscles and calculates arm angle dvnamics for the fast arm move- - F
ment described abeve by Xroll. This model is dencted the E/Q/s(t) mcdel -
(shor:z for EMG/elbecw -orgue = Q/2bow angular velocity <¢Q/dt = ;). Tne Z:j::
f‘ sacond model feeds flaxcr and extensor smoothed EMG outputs into the first
modal, and receives its input commands frcm a volitional fast arm movement e
.;..._
center in the brain, presumably via the pyramidal tract frem the cerebellum f“
-
® to the brainstem and spinal cord (¢f. Miles and Zvarts, 1979). This mocal "
is danoted the Com/Cont/g medel {short for command/naural control/EME). The ey
.‘:\
appropriata connection of our two models srcvicdas a cemplete gverall mecdal ;3?
L'-‘;
@ for the fast arm movement as criven Ly velitional ccmmangs.
3elow we dascrite the £/Q/» medel first and the cem/cont/E mocel ol
sacond. Section [i-2 then proposas further studias For next yezr. e
.4}"
o
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e 1) The £/Q0/+ modal ) <
This madel arose out of a desirs to formulate a guantitative zccsunt ;3;
of the E/Q/; part of the arm movement to target described by Kroll. After ij?
lo reviewing the relevant literature, we rejected possiblza model formulations #
at the molecular biopnysical level as too complex (cf. Hatze, 1978, 1880, :fi
and Dijxatra et al., 1973a, 1973b). In addition, for our movement, tnsy ﬁf&
would be too difficult tc specify quantitatively. we also rejectad mcda! ifi
r. formuletions at the spring-mass postural level (cf. Sakitt, 1680) hecause
they would be tco staady-state oriented to allew an ;nalysfs of aur large ";;
transient arm motion. OQther control enginesring models (cf., e.g., McRuer) iﬂ}
o seemed too general or too c¢oarse-grained for our purpose. D
Figure II-1 gives a schematic represantaticn of the framework fcr the éfgﬂ
E/Q/; model we chose. [ts carresponcing tcc-level analysis formula is ;%;:
o 35 =0 - Q (1)
wnere each dat cver 3 ingicates a time darivative, and QE and QF are tha -
respeccive tcrques aoout the elbow as axarted by the axtansar and Flaxcr ?;'
groups of muscias {(all the muscles in each group operate in approximata i{?
temporal and tensional unison throughout cur movement {Lagasse, 1873)). O Eifz
is the arm's mcmant of inartia for rctations 2dout the fixec elsScw joint as S?S
snown in Fig, Ii-1 (over a # change frcm 60° to about -30°). 1T

At the sacsnd level of analvtical refinement, we let
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EM@E, recorded over the last second (250 ms, or saveral seconds would serve

as well, but we need a standard). To find 4 we accept the ¢laim of

e’
Messier, et al., 1971, that under static Joads, "the averaged MG is
directly proportional to muscle tansion and the constant of proportionality
is independent of muscle length." Admittedly, the force propertiss of
muscles undergoing rapid active or passive stretch or compression are very
different.than wnen these muscles are being actively or passively subjectad
to static Joads. But from what little is known, the best we can do o
account for this is to include the Yye factor appearing in (2). e is a
fraction between 0 and 1 that inserts the force-velocity relaticnship
suggestad by Thorstensson et al., 1976, and Perrine and Edgerton, 1973, for
the human knee, and by Lagasse's 1975 observations cn forearm acczlerations
during maximally fast movements (quite like our experimental ones only

untargetasd),

Qur *VE function is

he(s) = |1 - ﬁﬁ:{ (3)

wnere s is in degrees/sec, and the double-cusged brackess mezan
x if x >0
(115 ctnens
0 otherwise
For the flexor sice we let

QF ® by - '”I: (4)

-

wnere 4.. is similar to ¥;z 2nd %o = 9o, Equating Sy Ty TOr cur
-l - ’ - ]

mcvement is inaccyrats Lo scme cdiagree Secausa the flaxor uncergces zctive

centraction and/er passive compressicn wnargas tne extanscr urcargces




RS S A R e el Al

RS
19. ;\-
o
il
(__~
.
Qur method, then, rsduces to chcosing functions in (2) that best fit ‘
- W
the averaged data before, during, and after enough trials by sach subiact Ny
R
(hundreds!) to enable him to achieve maximum speed. The resulting functions e
-"‘
® should tell us scme valuable quantitative things about the muscle properties |
involved. | A
o
At the last level of analvtical refinement, we let Do
L’ ' t-u i Tas
‘ =
= - b \1- -\ T p-," kY ‘ )
VIF(t) ArCOSQ(t) ‘F"‘ l'( )hr\t t) d=, (5) i -
Lo
teu=g Lo
@ ' . "
where AFcos:(t) converts flexor force to torgque accerding to the gecmetry of _ 5
Fig. II-1; :MGF(r) is the smoothed EMGF envelope at time t; k. is a ccnstant SRR
] L e
of proportionaliczy that we assume converts EMGF(r) into flexor forze at < R
(Messier, at al., 1S71}; and hF(t-z) is the normalized flexcr twitch o
response at time t to a unit kFEMG= impulse that arrived at %ime «. e
h "_‘t‘_
Qur hF(t-r) is defined in Ffig. [[-2, where we equatea hF(t-r) with its ?i;
extensor ccunterpart (for want of <nowladge %0 do otherwise. This could be -
incorrect by pernhaps 10% or so, aspecially after many practice triais). The }}ﬂ
snape of our h functicn is a g-truncaticn (for eccromy in cemputing) of {t{
Dijkstra et al.'s 1873a) twitch responsa function for dicess arachii muscle. bl
8ut whereas their 8y = .015 and 3, = .15, we began with 3, = .05 anc 3, = .3. oS
As we cantinue 1o Fit the inceming data, our 3's will deubtisss change in ifﬁ
'-h:“
the ¢irecticn of Dijkstra et al.'s.
Zquation [3) assumes linezrity in <ne accumulaticn of =wizcn -~2sconses. T
This i35 greban’y scmewnat incor-ect fir cur mevemanst, Yzt Saxfie, 1380, Tl
. .. . . . T
mékas th2 zzrva Ti-garicy assursiisn TIroza i owevemsal similir tIotums 2na
[ ——,




® A h(3-T)

,047688

Uni"‘

.0182713 -
W : --- / areo- Fulse - -
Qo 0 ~ >

< = L i"?‘ -

a 5 n ms -

/)4 =20 ms ;{

c = o

5 30 ms 7

define £™ & (£ - ) o ms 08
+then h((x*) = ¢ (QXF C_/g_’;';*)— e;gra<—/’32.'l"*)>

- where qr= 0819403
._'.:

g o 3
I° so that  hirmdxT =1.0
o .‘..:“‘.
with A, = .¢¢ | Tl

\d | Ra =.

»

- .2 g+ i LR - |- A - 4 s - S
Figure -2 Tefinitign of AL, Te<) = onotes) In 3cuaTUoN (2.
N - -
3X2.3anaticen.
---------- . - " ‘..ﬂ‘ . ».v ‘-. -‘."A "q'. - .. -, - .‘" 4‘.'.‘.. ‘.q_". - ! " N ° . -
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cbtains good results. In the future, however, we plan to try letting h(t-<)
vary as a function of
h

t-
j M(c)e"’(t""’)aa, (6)

t-t-v

the exponentially-weighted EMG input from t-t back to t-t-v in time. This
seems like the most expeditious way to introduce an appreopriate nenlinearity
for the accumulation of twitch responses into equation (3).

Letting AFkF = Cc in (5) we get

)

t-
OIF(t) = CF cose(t) h[ E?ﬁ%(t)hF(t-t)dr (7)

t-u-g

Oefining g similariy and neglecting S in (2) (as does Saxitt, 1581. c?.

also Lestienne, 1979), our final refined version of 2quation {1) Secomes

t-u
. Ce -
s(t) = u,cos8(t)} — G (t)h_(%~-t)dr =~
J J E E
t-u-g
t-u
Ce
- TGz (t)no{t-<las (8)
Lenef
with the czpstiraining zassumciions givan accve. 7o 2 first ztorocimazion s

~

cin ¢btain C. and S, in (2 Sy ran

A
'I,I s '

s

7S

$ 0 .
'
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*' first in the flexor and then in the extensor directions for each subject.
There are various good ways of measuring each subject's J (e.g., Hatze,

1980, refers to one he has developed), but we have not yet selacted one.

*i We now discuss now the EMG signals in (3) are obtained. Figure [I-3
shows an example test record. The EMGav signals are rectified and filtered
raw EMG signals. EMGav signals are derived in an on-1ine computer which
4i “continuously” leaks off a fraction of the present integral of the rectified

-
EMG signal. Denoting the latter EMGr, EMG in Figure [[-3, to 2 good

approximation, is given by

t
-, - -
BMa(t) = j Mg (c)e *t"ae (9)
0
Thus if EMGr(r) = K, a canstant, then
A -
BMa(t) = £ (1 - 07L& (10)
[+ 3 Q
as t gets large. Also, if EMGr(r) a Cr, C a constant, then

Q

A -
B6(e) = St - S0 - et WL (11)
Q

for small t. Finally, it is easily shown that if IMG_ = < as in (10) for a

r
loang time and then EMGr beccmes Q at t,

T4 (o)

MG Lt+e PR T-1 ) N

= -« - K N

Te e (12) o

for smail ¢. Comparing (10) and (12) gives us a way to cetarmine 3 from N

acoroeriaza zata samoles. NS

Zzuaziors (10' - [1Z) anable ys to find 23silyv tha ITFRI3) Zuintitiag e ok

7 AN -A'- N . -
(8% frem IMGIT) rzcoris suCh 3s shown in Fig. II1-3, For axample, given ine )
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EEEF signal in Ffig., II-3, we form a straight-line-segmental approximation to
it by connecting a to b, b to ¢, etc. If in this apporoximation, a segment
is essentially constant at K, we let EMG there equal Ke. If the segment
rises with slope C > 0, we let TMG rise correspondingly with slope Ca. If
the segment falls frem K with slope -K, we let EMG there equal 0. Thus our
EMG(t) equals a times the straight-line-segmental zpproximation to EMG
excapt where that approximation falls off. The falloff intervals are sasy
to handle because the EME signals for cur movement are either on at high
intensity or nearly of ¥ over most of every trial.
Thefe is, however, one adjustment to the EMG(t) signal derived zbove
- that we need to make. In order to compensate for EMG inaccuracies during
EMG falloff phases and intrinsic EMG distortions of nervous excitation to
muscle at low signal levels, we shall augment our E¥G signal with a 3(t) i&?
. postural feedback term. This is justified by assumption 4 in the next
section.

To make the adjustment, we denote the previous TG Sy MG, and add 2

7_**
) feedback term denoted ciG . This gives us
TG(t) = THGT(t) + EMGTT(¢L) (13)
¢ extensor sides. 'we define:

an

“where the double-cusped trackets mean the same as in (4); where tne gquantity

inside thase brackets is s(%t) as gredictad frem 5, 3, and 3 20 ms ezriiar

(9-3 (20 ms being the total delay arcund the icco frem v recestor %0 3 s-imulaticn

[

-
L!-
W

-
-

of muscle); wner2s G(t) = 0 until » first reaches ! degrees, and G{:) = I <nera-

" "
K

R

after; and wnera tha PF1 are zonstants ‘ncw set 2% :F’ = .23, 2., =10, 7., = 12C }IE

- i - ¥

el , .o .2, \ A

- -- recall that s s in dagraes/as 2nc 5 is in gegress,ms”, Simitarly, on
s

sy & \ IS .'._*

=G 2T, \-3) o

m

SRRy -(:(:-z:) . 5o a(ze20) - ?:.,'S(t-ZCD
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where PEi = PFi‘
Finally, to keep (14) and (15) from causing everlasting o ocscillations,

we change (1) to

J(t) = Qglt) - Qg(t) - C_a(t) (16)

where the Cc viscoelastic damping factar (c¢f. Lestienne, 1979) is set "near"
the level that just pravents a sacond ¢ overshcot of the 0 degres target
positicn. o

We now consider adaptation.

As our subjects accumulate more experience, we know frcm past results

(Lagasse, 1975, e.g.) that their movement times will decrease. If the
adaptations enabling this occur partly in the muscles, this should require
us to modify the h functions in (8). Since in previous pilot experiments ‘ :
our flexecr movement adaptad several times faster and further than the

opposite extensor movement, it could happen that only hF in (8) adapts with

practice. [t also might develop that all adaptaticn occurs in the nerveus

system (¢f. the cem/cont/E mocdel, next Section).

Tne crucial feature of our £/0/s mocdel is that eventually it should

locate and characterize the adaptive nenlinear effects involved wnen speed

of movement is increased with practics. This should give us a mechanical

perspective on now to itrain for sceed, traecision, graces and skill--in

short, for weil coordinatsd fitness.

We have included as Apcendix A a listing of the PASCAL programme
waritten by Yalerie Congdon to ccmputa ;(t) and 9(t), as outlined above,
using a file containing the ?ﬁ@%(t) and Eﬁﬁé(t) data for one movement. The
program is well documentad, hierarchically organized intc srocacurii and
funcsional levels icantical t3 the analvsis Jevels in this resort, 2ra

seecitied so 3

(V]

to ne 21sy to cnange. Ms. Congden, wno will Ts2avs LMass

in ganuary, 1231, has scne an axemplary job.
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o 2. The Com/Ccnt/E Model ! g
This model concerns the functional organization of the neural centrol | ;?:i'

. RS

system for the £/Q/» model described above. It is an attempt to make f :

A

® precise only those conclusions that have been fcrmulated by several experi- ; 2
menters as necessary consequences of their tests on fast arm movements ‘ -:.;

P e

involving the elbow and sometimes one other joint. The com/cont/E model is 14::_':_

® amenable to few significant neurcanatcmical interpretations. Eventually we '.::'-:
hope to obtain a gcod structural model that does not suffer from this , A

defect, but that may be a couple of years away. ‘-

Qur soecification of the com/cont/E model argse out of the following o

v Assumptions
1. For about the first 100 ms at least, our fast arm movement is entirely

feedforward (is independent of any feedback), and thus is unaffected 5y ;

* stretch reflax or tendan afferents (cf. Wadman, et al., 1979; Oesmedt
and Godaux, 1978). )

2. Selecting the Tevels Lo and L. of flexor and extenscr MG activity }_

. require the first volitional decisions. (As noted by Krcll above, all .
of the {lexor musclss act aoproximately in temporal and tensioral

e

uniscn with the biceps during our arm movement. Likewise for the k"

. tricens and the axtansor muscles.) These lavels are salectad :o sat '
the speed and amplitude, M, of the movement with allowances far expectad

AN

inertial loading of the limb and estimatea fatigue of the muscles teing 11:‘:-

- activated (cf. Lestienne, et al., 1979; Lestienne, 1979; wacman, et
al., 1979; Wacdman, et al., l9gC).

3. The next movement decision is 2 set the relative timing of <he Firs: j\-

L flexgr 2ang axtesnssr IME Sursts. This za3%armines tna Tevemsrt's csomoina- oS
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o

tion of magnitude and speed, again allcwing for the expected loading i

* and muscle fatigue (cf. references in 2 above). Force-velocity and \5.
force-length effects are protably also included in this reckoning if'

(Thorstensson, et al., 1976; Perrine and Edgerton, 1978), as well as ' f’

v viscoelastic braking (Lestienne, 1979; Maughan and Godt, 1979). v
4. The flexor and extensor muscle tension levels at the end of the movement ;?{

enoch when the postural maintenance phase is entered aras varijable, but - Z;ﬁ
the ratio R between thesa two 1eVels, (as reflected by their leaky-
integrated EMG levels) is a fixed postural command, and is not affected

by the starting point, direction, amplitude, or speed of movement

[

(Lestienne, et al., 1979; Sakitt, 1980). Presumably the EMG levels

themselves at the end of the movement epoch are quickly adjusted if need
be (how fast?) to obtain the desired postural stretch re%?ex stiffness ~-
@ (Houk, 1976). Since the biceps tendon reflex lcop delay is about 3§

ms, the stretch reflex loop delay is about SQ ms (Marsden, et al., 1976),
and our actual arm movement duration is about 300 ms, the presently >
o . unknown speed with which the set point of the stretch raflex is reset o

and the reflex subsaquently engaged will be imortant to disccver.

(¥4)
.

in males at least, continued practice of a fast arm movement reducss N

[ execution time and altars the movement's IMG signature {(Lagassa, 16735),

In the light of the zbove assumptions, we now cive a point-bv-coint

descriction of the cem/cant/Z mocel (Fisure [1-4):

d 1.

AL the top of Figure [1-4, R, L, M, ILF, and FF are cammands issues
frem the voiiticnal decisicn cantar for our fast zrm movement (%this
“center" mignt te distributed over a large gart ¢f <he brain). R is tha

- ' - - -
, and w. ir2 Ina2

ritic dascrited in assumcticn & cbove; L times 3g, L.3

«y
()}

c-—— —— i b ——— e e————— e ——— - -
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WIS UL Y00 S S ST SN



"y

-

AR gl oA ol AL Rl Jin oA aAR guF P of

Joa| EROMNARG| BAHE:| ARRRREER! JRNRREY RMPRDN SERERR SESitool SR | RO R
I
“HoLyeue (dxa ao) i
I1X9] 93§ JUIWIAGW Wae 5P [PUOL3L(OA JO .B::.::cu J0 uogqezyuehao [ruopoung  cp-ji b
\n"l\'.llllllll"!llvlll - - = - -
3
& v 98 /I
o~
>
- 9
ﬁ .-‘ AHv 2 . m;

ﬁ

he_ﬁu Ip [

J

)= a=Fpe

2N

44 411 W

—~

F e

{
A...e.u wid AOLA

M A |
. o\ _
J ERE-1)) A '
’ J\ \lo.... \ _
£ _ 7
— - N€ B TBasTaq

st 120/

o

M
L

- sPIVISIA

E

e
v
q
W
HT.\HW\!& SN
/"\ —
(poamaron st YA/ ) _,
uLu .‘a.nEs.._v M\— m A
...u.l—-\p.a.a—sv. u:\; _EC..U_ ._,
] » ® » » » ®




R N S a
@
®
L
®

2.
v

3.
o
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5.
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L
L

levels LF and LE described in 2 above; M is defined in 2; ILF, the
inertial loading factor, and FF, the fatigue factor, referred to in 2
and 3 are appropriately scaled for multiplication into the subject's
moment of inertia, J, for the arm movement in question. Tnus ILF > 1,
with IFL = 1 when no extarnal load is added; and Q0 < FF < 1, with FF = 0
interpreted as ccmplete paralysis and FF = 1 as zero fatigue {defined in
terms of force develcpment capability).

NF and NE are loosely interpretable respectively as flexor and extensar
motorneurconal pogls that drive either the flexor and extansor arm
musculature for our movement or just the biceps and triceos.

At t = Q the flexor EMG is activated. t* is the time at the end of the
first extensor EMG burst. The time coursas of R and L with respect to
t* are hypothesized as shown at the top of the figure.

At t =0, L turns NR on, which then turns NF on (see & below), all with
delay less than de. Nf's output firing rate rises and falls somewnat
sporadically, but peaks at the L.gF level. The strstch reflex pathway,
SPF, inta NF is intially inactive as notad in assumption 1 abcve. :F's
output equals the algebraic sum of its inputs. NF Kxeesgs NE shut off
over the racipracal inhibitory pathway.

At time D, a shot out of ND turns N of T %o end the Ffirst flexor MG
burst. ¢ and k in the formula for D are scaling ccnstants, Since L
turns Nq on, the value of ¢ would be 0 if the flexor muscle MF were

serfectly linear in L and if no co-centracticn of M. and M. were
-

necassary £ stabilize the elbow joint during movement. Since neither

of thase ¢anditicns hclids, ¢ > 0. After NF shuzs 977,

is no lcnger

-

inhibitzg ang turns zcn. Then N

inhitition.
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® 6. Backtracking a bit, only one of NR's outputs is on at a time. Initially,
[
L turns N_'s 2. output on, which is necessary to keeo M. on. Later NS
R>F F R
ND's output shot switches NR's output Qver to ZE’ which is necessary to i :;3‘
k N R
1‘ eep E on. - E
7. NR's input TF provides NR with an estimate of MF's tension, as ccmputed ' ﬁ%:
(or simulated) by Nh.. The function h. is Nh.'s estimate of M.'s twitch B
° response function hF (see Part [I-A-1) on tne £/Q/+ model). In cecntrast
with the nervous system, we would model Nh.'s output at time t with ' "~
t :'.:‘::
- .:,‘.'
- NF(o)hF(t-a)da. 8y assumption 4 above, the flexor tendon organ N
O :_.»...
respanse, TORF, is affectively unavailable to NhF for at least 80-85 ms. Zjﬁj
e
Mutatis mutandis, NR's axtensor circuits are the same as its flaxor ones. oA
- .
8. If our movement is entirely feedforward, some such centers as Nhe and LA
Nho are necessary to control NF and NE's development of an appropriately 331
- &,
s - - n . '“Il-,
stiff arm pesture at the end of the movement (assumption 4 atcve). The =
L il osqs . . .
possibility that there are NhF and Nh. circuits in the carehellum seems T
to fit Eccles' ccncent of the cerebaellum as a control refarence in fast -
voluntary movements (Eccles, 1977). Lagasse, 1975's results showing -15
) . . o . . i
that EMG temporal organizations for fast human limb movements don't
change with fatigue support the idea that such movements are entirely %';
E a 1\
- 9. wWhen N.'s T, input reaches the desired final level, No's output switches -
from 2. T2 1. in case T. is not up to the desired ¥inal isveil, and %o N
- Al v .:\.
L. in case T fs up 2 its final Tevel. ~An active L sicnals the end of o
."‘s
4 08 Tevament 2ng susseéduant -ainstitament oF the acrmal gestural mainta-
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® nance mechanisms. The desirsd final flexor and extensor tensians are
denoted TF and TE, and are assumed to satisfy TER e TF = | (assumption & : , v
above). Thus (T'F/TE) = R, and the Ny ccmponent in Fig. II-4 has suffi- I::‘_

. cient inputs to compute all of its outputs. ) ‘ --"
10. If we assume scme background SPF, SPE, and other noise, the sequence of f‘:'.

events in 9 will not always be as simple as described. The first

° NF or NE EMG burst might scmetimes t;e cut off prematurely, fcorcing
another cne or even two. small bursts later on (see the L time course, .

top right in Figure [I-4). The famcus third EMG burst (e.g., Wacman, h

) et al., 1980) might be accounted for in this way -- an attractive .
ot hypothesis because Kroll's experiments to date with highly practicad SN
subject; usually den't show a third EMG burst. The ability of the ]

control components in Fig [I-4 to learn (with lots of practice) the J

v amount of viscoelastic braking that actually occurs, the force-velccity ._
and force-length ralationships of the muscles, and various nonlineari- ?.

ties of the system, offer other adaptation possitilities. -_:

d 11. Thee>symbol in Fig. I[-4 points to likely adaptation sitas as the
same movement is practiced over successive trials and days. r{_

12. ND and the (ND’ NhF,NhE) ccmplex could be ccmbined instead of functicn- \

hd ally partitioned as shcwn, but that would defazt the purcose of the "{

com/cont/S model.

- L
.




¢ 11-8 Prooosed Modelling Studies Next VYear
We wish to procaed c¢n three frents:

1. The E/Q/; model will be adjusted, and perhaps revised cr augmented, to
fit Kroll's experimental results. His tests with different loads and
fatigue levels should be very helpful to us during this phase.

2. The Com/Cont/E model will be scrutinized. In parﬁicular, the Na and N.n
components will be checked for plausibility against Kroll's fatigue
and load variaticnal test data. We now believe that "efferent-ccoy"
MF simulators such as the Nh functions actually exist (perhaps at the
highly integrative thalamic level atop the brain stem reticular forma-

. tion, or in the cerecellum), but we shall seek more evidence to supgort
this idea. We also plan pilot tests of various kinds ta further
elucidata the role of stretch reflexes at different times during and
immediately following fast arm movements. To date, Wadman ot al.
(1979) have shown that when a subject's planned fast arm movement is
unexpectadly dlocked, the pattarn of EMG activity over at least the
first 100 ms is the same as befﬁre blocking. But we know of nothing
else in the literature on the dynamics of rapidly changing the set
points of stretch reflexes.

We shail develop computer praograms in PASCAL for soiving the nonlinear
delay-differential squations that will arise wnen the E/Q/; mocdel is
augmentecd to incluce feedback stretch reflex information. 3anks

- (1979, 198Q0) has recantly develcped the recuisita mathematical mezhods,

but 2s vet PASCAL pregrams to implement them do not exist.

In 1 %9 3 apove, we shall ce 2asceciaily watchful oFf adapzatior 2:zr:zme-

*ars and <haraiactaristics. o ovear thr
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APPENDIX A

Article: An EMG-lLevel Muscle Model for a Fast Arm Movement
to Target
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An EMG-Level Muscle Model for a Fast Arm Movement to Target*

W. Kilmer, W. Kroll, V. Congdon

®
Departments of Electrical and Computer Engineering,
Exercise Science and Computer and Information Science
University of Massachusetts
Amherst, Massachusetts 01003 USA
® ABSTRACT
A model of human muscle action is presented for a maximally fast, large-
amplitude forearm movement to target. The inputs to the model are approxi-
e .
mately the biceps and triceps EMG envelopes over a sinale movement. The
model's output gives the corresponding displacement angle of the forearm
about a fixed elbow position as a function of time. The idea of the model
[ J

is to conceive of both EMG input drives as successions of millisecond input
pulses, with each pulse resulting in a muscle tension twitch. Every twitch
is Amp1itude-sca1ed, parametrically-shaped, and duration-T1imited as a func-
tion of the muscle’s contractile history thus far in the movement. The
muscle tension at any time t is the sum of the residual tension levels of
all twitches begun before t.

The model was developed and tested withvspecia1 reference to two subjects:
one, according to the model dynamics, was a comparatively slow-twitch type,
and the other modelled as a fast-twitch type. Good agfeement was found
between model output and subject resoonse data whenever the subject's EMG's
were "synchronous." The model can be used to characterize each subject's
responses by a suite of twitch characteristics. This will enable us to
check the accepted but now suspect correlation between muscle biopsy- and

performance-determined muscle twitch tyne.

*This study was supported by contract DAMD17-80-C-0101 from the U.S. Army

¢ Medical Research and Development Command. The views, opinions and/or find-
ings contained in this report are those of the authors and should not be
construed as an official Department of the Army position, policy, or
decision, unless so designated by other documentation.
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*. 1. INTRODUCTION

We present a mathematical model of the elbow flexor (biceps group)
and extensor (triceps) muscle actions for the human arm movement outlined
in Fig. 1. The inputs to the model are the EMG sﬁgna]s referred to in
the caption of Fig. 2. They approximate the envelopes of raw EMG signals,
are are derived from EMG signals such as shown in Fig. 2a) and b) by the

~method described in Kilmer, et. al. (1981). The output of the model cor-

responding to one trial of the type in Fig. 2 is a calculation of an arm

displacement function such as shown in Fig. 2c).

This is the first attempt we know of to analyze EMG(t)-to<T(t) trans-
formations where'T‘is the tension noted in Fig. 1) in muscles controlling
fast, large-amplitude 1imb movements to a target. The most closely related
modelling works to date are: Stein and Oguztoreli (1981)'s small signal
Tinear analysis of the mammalian-neuromuscular and reflex system; Hatze's
(1978, 1980, 1981) papers at a more detailed level involving state equations
for numbers of motor units in di%ferent contractile states; Sakitt's (1980)
steady-state spring model for postural changes similar to that shown in
Fia. 1; and Dijkstra et. al.'s (1973a, 1973b) original cross-bridge model
and analog computer simulation of small amplitude human forearm movements.

Our model attempts to better determine the correlations between: 1)

the speed (power) and shape of maximally fast, Iarge—amplitude human arm
movements to a target; 2) the proportions of fast- vs. slow-twitch fibers,
as determined by muscle biopsy in subjects making such movements; and 3)

the physiologically effective twitch speeds involved at different stages

of each such movement when performed by highly skilled (i.e., well~practiced)

subjects. As discussed below, some evidence has accumulated to suggest that

........................
........

..............
.....
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the fast- vs. slow-twitch dogma of mammalian skeletal muscle action may
be inaccurate to some degree.

Several investigators have experimented with human movements that
differ from that of Fig. 1 -primarily in that they are performed horizont-
ally so as to eliminate the changing effects of gravity. Most notable
among them are Wadman, et. al. (1979, 1980a, 1980b), Lestienne et. al.
(1979), and Lestienne (1979). Lagasse (1975), and Kroll and associates
(e.g. Kroll (1974)), however, have collected the most suitable data for
our purposes by using essentially the Fig. 1 paradigm on subjects whose
EMG signatures were always cleaned, sharpened, and stabilized through
extensive pre-test practice. We chose the resulting so-called "synchronous"
EMG's to analyze with our model. (We note below that the confounding effect
of aravity in Fig. 1 is apparently negligible.)

Kroll's protocol for each of his 29 subjects (about hal¥ men and half
women, all riqht-handed) involved four practice days with 50 trials per day,
followed by five exercise (i.e. test) days with 20 trials to establish base-
line and 5 test trials--all for each of three load levels. We derived all
our model inputs from trials using the smallest added load, namely three
times the armm's moment of inertia for the movement. This gavé us signal
plots of about the right size on all channels for the modelling accuracy
we sought. All subjects were told to "make the movement as fast as you can,
and stop at the 0° target position." The emphasis was on speed of movement,
not targeting precision. Under these circumstances, the published data on

more or less fast movements of other human body parts (eyes, head, hands,

fingers, legs) are often at variance with our results.
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We selected trial data from two subjects, Hintr and Chan, both 25-year
old males, to help explain our models. In the next Section, we present the
conceptual crganization of our basic model, the U-Model, pictorially, leav-
ing almost all of the mathematical formulae till later. Then, following a
mathematical specification of U-Model, we show how it is augmented to J-Model
to fit the data of Chan's much faster trials. We conclude with some possible

applications of J-Model.

2. CONCEPTUAL MODEL

The purpose of our models is to better understand, in a quantitative
way, how nervous drives to muscles as represented by their EMG's lead to
schedules of muscle tension and thence to movements of the kind outlined in
Fig. 1. The U-Model, and its J-Model augmentation, are embodied in a PASCAL
program, called FASMOV, that accepts piecewise-linear approximations of
biceps and triceps EMG waves taken from a dynograph recorder, and produces
a prediction of the subject's corresponding arm movement as a function of
time. Kilmer, et. al. (1981) specifies how FASMOV computes effective nervous
drives, ?ﬁﬁ% and Eﬁﬁé, from flexor and extensor dynograph EMG outputs, EQEF
and EﬁEE,'respectively.

Fig. 3 gives a graphic outline of the main concepts employed in the
U-Model. At the top of the Figure we imagine a constant flexor Eﬁ@%(t)
drive that lasts for 100 ms. 4e conceive of this drive as a succession of
100 contiguous 1 ms-pulses, each of amplitude Eﬁ@% (thus there should be
about ten timeé as many vertical lines as shown in Eﬁﬁ%(t}). We assume
that each millisecond Eﬁ@# pulse produces an ensuing twitch of tension
whose time course is like that of a small wave in the baseline train of
Fig. 3b), and whose area is a scale factor times the Eﬁgk value (Meissier,

et al., 1971). The shape of the leading twitch in the Fig. 3b) train is

" e
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essentially that used by Dijkstra et al. (1973a). We denote the electro-. Ef-
* mechanical delay between the time of an -Eﬁ_G'F pulse and when the ccrrespond- S
ing twitch starts by up. A value of 60 ms for - has given us a best fit to E;
the data in all our models so far. This value is midway between the 73 ms ?;
ﬂ‘ and 76 ms values found experimentally for biceps by Lagasse (1975) and by '
Ward (1978) respectively, and the 55 ms and 52 ms values found experimentally ;E,
le for triceps by Lagasse (1975) and by Morris and Beaudet (1980) respectively. f:
In Fig. 3b) our twitch durations range from 60 ms at the outset to S0 ms jil
at the end. These durations are generally compatible with those meazsured, .Ei
- e.g., in human thumb flexor muscles by Gydikov, et al., 1976. Their fast «
fatiguable motor unit twitch times ranged from 91 to 125 ms bafore fatigue and §3
frem 125-333 ms after. We do not suppose -that our 90 ms terminal twitch time i
® is a "fatigued" duration; rather we refer to it as a "saturated" duration. ~
Note that we clipped our saturated twitch durations off prematurely as shown
in Fig. 3b); this was only to save computar memory during simulation runs.
o Letting & denote flexor twitch duration, we assume that a millisecond
Eﬁﬁ% pulse at time t causes a tension twitch given by
qe(exp (-8 (t-up)) - pexp(-8op(1-ug))) .
. he(z) = ' fort+up sostruptig '.
0 for ali other t (2.1) -
where 5 = Q0 until the first adjustment of twitch shape in the Fig. 3b) train,
- and o = 1 thereafter. =
Except for the p factor, (2.1) is Dijkstra's (1973a) formula. Qur 2op ézi
equals their 35 = 0.15, but whereas their By = 0.015, we allowed our 32p to fgz
(™ range from 0.05 initially tc 0.01 at saturation in both our models. For every R;
different 31F value we recalculated 9% in (2.71) so as *to renormalize the area %?

under hF(:) to nearly 1.0 (details in Kilmer et al. (1981)).
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Fig. 3b) depicts a gradual change in the hF(') twitch shape, which was
our original idea. But to help cut FASMOV's run costs we programmed FASMOV
to change hF(') shapes less gradually (i.e., less often). Because qF (among
other things) has to be changed each time hF(o) changes, we refer to the
entire set of hF(o)- or hE(-)-changing operations in FASMOV as a "requa".
Fig. 4 shows all but the last hF(-) and hE(-) that were used during the Hintri
™ run, where only nine reques in all occurred (the details on when and how to
reque appear in Kilmer et al. (1981)).

The total flexor tension wave’T}(t) in Fig. 3b) is found by adding up at
" each time all of the hF(r) wave values that are not zerc at t. These nonzero
values would be the hF(T) values caused by Eﬁﬁ% pulses occurring between the

times (t - (up + sF)) and (t - “F)' g here is a twitch duration such that

the oldest nonzerg twitch at t recse from zero at time t - = and g was the
twitch duration in effect then (cf. next Section). Our method of producing
the‘T}(t) wave assumes linaarity in the accumulation of twitch effects. This

is probably somewhat incorrect, but Sakitt, 1980, e.g., made the same assumption
for an arm movement similar to ours, and obtained good results. The simplifica-
tion was justified when the model outputs agreed very well with the subject's
data.

On the right end of Fig. 3b) we show thecf}(t) wave jumping up from its
sum-of-h(<)'s value, given by the dotted curve, to an amplitude abou® three
times greater. Let SR denote the multiplication factor in this jump, which
occurs when 4 changes from negative to positive, i.e. when the biceps stops
contraéting and starts stretching. Heckathcrne and Childress (1981) show curves
for slowly lengthening and contracting ratas in human biceps that are strik-

ingly compatible with the SR values for which our models best fit the subjects'

data: SR = 3.0 in all Hintr runs, and SR = 2.5 in all Chan runs. We use the




same SR value for both triceps and biceps in each model simulation run; but
since stretching one cf these muscles means contracting the cther, a jump
of‘T}(t) to SiT;(t) is always accompanied by a jump of’TE(t) to’T&(t)/SR, and
vice versa.

Fig. 3c) outlines our last major concept. Ag the integral of°T}(t) grows,
the muscle becomes Tess efficient in converting EMG(t) drive into tension. We
represent this growing inefficiency by a multiplying factor for’T}(t), which
we denote by exp(—c?)-exp(-n;)--the rationale appears below. The continuous
curve in Fig. 3c) represents a typical exp(-cg) during a movement. The quantity
-c?(t) is just a scaled leaky integral of”T}(r) from t=0 to t=t. The dotted
adjustment to exp(-c;) in Fig. 3¢) is due to the exp(-ng) factor. Initially
.ﬁF is nonzero (ranging from -0.5 to -1.8 in simulation runs so far); this
guantity represents a "primed" tension-producing state of the muscle at tension

onset. At the first reque of each simulaticn run, ;F is reset to zerc for the

remainder of the run (in the U-Model, but there is an extra twist in the J-Model).

The reset represents a loss of prime in the muscle state.
To see the rationale for Fig. 3, we must sketch a bit of muscle physiology
(cf. e.g., Stein, 1980):

Nervous action potentials into a muscle cell cause the release of
calcium ions from the endoplasmic reticulum. These jons diffuse

to sites on actin filaments and thereby enable myosin heads to

lock onto the filaments, pulling them toward the center of the
sarcomere. Each myosin head can repeat this action by locking
sequentially onto a series of sites along an actin molecule. Between
each successive pair of such head attachments, a biochemical sequence
of three major actomyosin molecular states must be traversed (Eissnberg,
et al., 1980). R. Cooke (in private ccrrespondence in 1979) and others
have guessed that this three-state cycle may last on the order of 50 to
100 ms. Thus, during a movement such as ours, lasting three or four
hundred milliseconds, more and more of the most accessible (and perhaps
most effective) attachment sites pass into restorative states that can-
not be influenced by caicium icns to produce force increments. As our
movement prograsses, then, smaliier and smaller fractions of newly freed
calcium ions yield force increments before gathering again in the resti-
culum. Moreover, the diffusicn times cf those ions that do generate
forces presumably increase, making cocmpesite muscle twitches caused

by later-arriving nervous acticn potentials last longer.
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® We represent part of these sketched effects in Fig. 3b) by moving to
longer twitch amplitudes for later-starting twitches (s2ch twi<ch area being
normalized to nearly 1.0). The rest cf the saturaticn effect is represented
in Fig. 3c) by the multiplier exp(-cg). (The priming factor exp{-%F), though
not yet mechanically interpretasle, is necessary for the mcdels to fit the
subjects' data.) c?(t) is determined by -

dc;(t) . o

—qr— = -(1-8p)ar(t) + vpQp(t), (2.2) o
where (1-6F) (typically about 0.015) is a rate constant for recovery of CF
toward zero, QF(t) is flexor torque (approximately equal to'T}(t) after the
initial stage of the movement), and g (typically about 1.5) is a rate constant
for the growth of cE(t) as a function of QF(t) (QF(t) maxima vary from 0.0172
in HintrA to 0.0342 in Chan2). The cg(t) function in (2.2) solves to

-(1-6F)(t-r)d

[}

t .

(1) = [0 veQs(r)e : (2.3) =
since ¢*(0) = 0.

This function is the simplest one that exhibits the desired shape and that

also gives good modelling results.

Fig. 3 contains all flexor terminaclogy, but everything there applies also
to the extenscr except that ;E = 0; the extensor prime is dissipated before the
cnset of the big extensor burst because the extensor must first stabilize the

elbow joint for the flexor to pull against. k.

3. THE U-MODEL g
We now give a top-down description of our basic mcdel, the U-Model. A1l
of its parameter values apply uniformly (hence the "U") cver the entire dura- B

tion of each run. In the J-Model, which is simply an augmentad U-Model, scme

parameter values are adjusted during each run (cf. the Fig. 12 caption).
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FASMOV runs as U-Model when the two parameters TDE and TDF are set to values
exceeding the trial time for the run in question. Each run of FASMOV simulates
one mcvement, or trial, of a subject.

Fig. 1 gives the elements of our model. Though simple, similar models

have been employed by Messier, et al.(1971), Sakitt (1980), and others with

excellent results. Refinements of the Fig. 1 scheme lead invariably to distri-

buted parameter systems that are very difficult tc analyze in the terms we have
chosen, so we have not considered them.

We ignored the effects of gravity in our equations. This is justified by
the high quality of our results as discussed below.

The top-level analysis formula for our movement is

J§(t) = Qg(t) - Qe(t) - Cpa(t), ‘ (3.1)

where each dot over ¢ indicates a time derivative, QF and QE are the respective
torques about the elbow as exerted by the flexor muscle group and the extensor
muscle, and Cgé is a viscoelastic damping tordue (cf. Lestienne, 1979). Since
the flexor group acts synergistically (cf. Lagasse, 1975, e.g.), we shall
regard it as syncnymous with the biceps. J is the arm's moment of inertia for
rotations, (over a ¢ change from 60° to about -30°) about a fixed elbow joint
as shown in Fig. 1. In our models we normalized J to 1.0.

At the second level of analysis, we let

Qe(t) = WVE(‘s(t)) ¢ wIE(t) (3.2)

g in (3.2) may be regarded as the maximum (cver -90° < ¢ s 90°) isometric

torque producible by the extensor, given the smoothed extensor EMG envelope,

EMGE, over the recent past. YyE is roughly interpretable as a force-velocity
factor. We got best fit to our data with Yve vaiues slightly less than 1.0
in all cases. This is not incompatible with the force-velocity relations

obtained by Thorstensson et al. (1976) and Perrine and Edgerton (1978) in their
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studies of the human knee, nor with Lagasse's (1975) work on fast human forearm
movements {quite 1ike ours only untargeted). Ultimately, however, YVE must be
regarded as a successful coverup of the following considerations: Maton and
Bouisset (1977) found that the muscles of the biceps group all show a uniform
level of activity during isometric contraction regardless of muscle length.
Messier, et al. (1971) report that under static loads, "the averaged EMG is
directly proportional to muscle tension and the constant of proportionality is
independent of muscle length"; but Messier's tension levels were low. Zuniga
and Simmone (1969) show that at higher tension levels the tensicn-EMG relationship
saturates quadratically in tension. Certainly tension production in muscles
that are rapidly stretching or contracting is very different from that in
muscles that are bearing static loads. During changes of muscle length, both
passive (visco) elastic and active molecular force ccmponents arisa.

For the flexor side we let

Qp(t) = wyp(8(t)) -+ vyp(t) (3.3)

where YIF is similar to Vig and YyE = Yyge Equating YyE to YyE for cur movement
is probably slightly inaccurate because flexor and extensor muscle length change
in opposite directions and when one is most actively driven the other is respond-
ing most passively (the joint must be stabilized, so there are never any purely
passive muscle responses, only approximately passive ones).

At the third level of analysis we let
t’UF

() =g cos o(8) | K BE(0 ¥ (5-1) o (3.2)
t'uF‘EF

The intagral in (3.4) is flexor tension at time t,“T;(t), and theCZF ccs 3(t)
factor in (3.4) converts’T}(t) into torque. Initially in each FASMOV run,

ClF = AF, where AF is the length of the effective fiexor moment arm as shown

in Fig. 1. Whenever 5(t) changes from negative to positive during a run,
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® CIF switches from AF to AFSR as discussed in the previous Section. Whenever —
#(t) changes back from greater than zero to negative, as it sometimes does at S&:

q
late stages in a run, CZF switches back from AFSR to AF‘ :'j.

Referring to the Hintrl run,?fF(t-r) in (3.4) is that ho(:) curve in Fig. 4

that was in effect when the muscle twitch corresponding to the hypothetical jﬁ;
EMG(<) pulse started up from zero. This startup time was = + up» where uc is :
7Y the flexor e]ectromechanica] coupling time (i.e., the time between a nervous
stimulus to a muscle gnd the beginning of the corresponding tension twitch;
cf. Norman and Komi (1979))l Thus if t-t < uF:}+F(t-r) is zero because the
@ tension twitch for EﬁF(r) has not yet begun. Letting & denote the duration
of a tension twitch starting up from zero at t + yg, if t-t > uc + EF,?+F(t-r)

is zero because the tension twitch for WEF(T) has already ended. These zero :‘,:-':

regions of‘H‘F(-) determine the upper and lower time limits of integration in (3.4).
-0 -c¥ -3
F F_on

in (3.4) equals K_.e = Kce e F, where K. is a flexcr EMG-to-tension i%

F s F F "

- -n h.‘.:

scale factor, and e Feo'F is as explained in the previous Secticn in reference :3.
to Fig. 3. A
For the extensor muscle, in place of (3.4) we have :}j

t"uE ..'h\‘

re(®) =Ag cos o(2) | N ¢ T (1) B (t0) do (3.5) i

t'l—lE'EE

The expianation of (3.5) differs from that of {3.4) in only twc respects: ii
?{ % o o

i = = * 1 * - %* .

First, £ KEe , where op = of w1tth exactly analogous to oF; Mo ng -
is mentioned because it would always be zero. Second, CIE starts equal to AE’ Z$1
switches to AE/SR wneneyer é(t) changes from negative to positive, and switches E;
\_.0

back to A- whenever 5(t) changes frcm positive to negative. o
The fourth level of analysis involves detailed specifications oFf how 3:
FASMOV actually calculates cE(t) and cg(t), and how FASMOV calculates or ;??
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selects an appropriate‘}%(-) function to use in each of its (3.4) and (3.5)

integration operations. These specifications appear in Kilmer, et. al. (1981).

4. U-MODEL RESULTS FOR HINTR

Fig. 5 shows the excellent agreement between U-Model's computed response
for Hintrl, and Hintrl's recorded respcnses shown in Fig. 2. U-Model's para-
meters were set to produce Fig. 5 as noted in the caption. The subject's data
and U-Model's computed responses for the HintrA trial are presented in Figs.

6 to 7. The captions of Figs. 5 through 7 cover several salient points regard-
ing the production of U-Model's outputs for Hintrl, and HintrA.

Since the U-Model is basically an integration model, it is not surprising
that Figs. 2 and 6 differ much more between them than Figs. 5 and 7. If we

define movement time as the time between the start of an arm movement and the

first arrival at the 0° target position, Hintr's movement times are 140 ms in
both Hintrl and HintrA (such consistency is certainly not the rule!l).

Fig. 8a) shows that the second flexor burst for HintrA is appreciably
smaller than the first. But at the é sign change at 236 ms (cf. Fig. 7), the
QF/QE ratio jumps to (SR)2 = 9.0 times its value immediately preceding 236 ms.
The validity of the SR jdea here, as suggested by Heckathorne and.Chi1dress
(1981), is str%king]y borne out by the late stages of U-Model's response in
Fig. 7. This excellent agreement between U-Model and subject data also suggests
that the confounding effect of gravity (cf. Fig. 1), which was not included in
our analysis, was insigificant.

Somewhat surprisingly, a constant electromechanical delay, u, for both
flexor and extensor gave best results in all our mocdelling. This is contrary

to measurements taken between isolated experimental points by Lagasse (1675),

for example, and undersccres the difference between continuous dynamic and dis-

crete initial parameter values. This difference is especially relevant since
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relatively small changes in our model's timing parameters always led to quite

large differences in the corresponding ¢(t) output shapes.

5. THE J-MODEL FOR CHAN'S FAST TRIALS

Figs. 8 and 11 give the trial record and J-Model outputs for twc of Chan's
trials. J-Model is a slight augmentation of U-Model, as explained in the
caption to Fig. 9.

As noted in Fig. 9, Chan's movements were very fast, and the dynamic opera-
tional characteriztics of his muscles differed markedly from those of Hintr--
so much so that the augmentation of our U-Model to the J-Model was necessary to
enable the model to fit Chan's data at all well. The caption in Fig. 9 describes
the augmentation.

From Figs. 9 and 11 we see that at TDE a partial extensor desaturation
occurs. Qur interpretation of this is that the big extensar burst somehow
partly "reprimes" the triceps. ’

At TDF a more dramatic desaturation of the flexor occurs. This is accem-
panied by a sharp increase in the flexor tension-to-EMG scale factor, AF’ and
a mild increase in the flexor saturatjon rate constant YE- The large increase
in Reque (cf. caption, Fig. 9) means that the short twitch duration. (i.e.,
small value of gF) associated with the new c; at TDF is maintained much longer
than would be the case with the previous Reque of 0.3. Thus the second flexor
burst produces a predominantly fast-twitch effect, but also an effect that
saturates relatively quickly. This is discussed further below. Finally, note
the small 38 value in TDF's summand; it implies that the priming effect of the
second flexor burst became‘manifest in only about twc thirds of an electro-

mechanical coupling time.
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6. DISCUSSION

Equations (3.1) to (3.5) give the basic structure of our model. In parti-
cular, (3.4) and (3.5) show that our major idea was to impose - and o~
controlled nonlinearities on hF(') and hE(-), but otherwise to compute the Qg
and QE torques using the convolution integral of linear systems theory. Perhaps
this notion has bean entertained by otﬂers, but we mathematized it and put
numbers into the equation. This gave us empirically inferred values fcr scme
skeletalmuscular functions that are valid for at least our movement. Heretofore
such functions were determined only for essentially postural specifications or

for small sinusoidal movements over linear ranges.

Our model assﬁmes only feed-forwa}d confrol (contrary to the ideas of Sakitt
(1980) and Lestienne, et al. (1979)). .This raises the question: given that
Hintr's movement time was always 140 ms, how could the nervous system have
known, e.g., that an AE change from 0.28 on trial 10 of a block (Hintrl) to
0.32 on trial 14 of that block (Hintr2 of Kilmer et al. (1981)) was needed?

The easiest answer is that the nervous system provided the same "drive energy"
in both cases, but different muscle fibers receivéd jt: d.e., the spinal out-
flow and/or muscle inflow distributions changed with repeated movements, but
the basic drive signals for the movement did not.

This answer is not necessarily applicable to the AF-to-GAF change at TDF
in Chan's movements. There we suspect that the nervous system fired more syn-
chronously at TDF than initially (cf. Milner-Brown, et ai. (1975)) in addition
to employing somewnat different motor units (or muscle fibers within motor

units) at these times. The model's parameter changes at TDF in Figs. 9 and 11

are what led us to this suspicion. Frequency analysis of raw zMG's shouid tell

us more about this gquestion soon.
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In Chan trials 2, &, 7, and 10, the movement times were 128 ms, 126 ms, isg
b 124 ms, and 120 ms respectively. Tnis appears to be the result of some kind .
of "warmup" effect related to Chan's producing faster twitches throughout each :E

trial than Hintr did. Note that Chan's initial AF value changed from .28 in ;Si
P Chan2 tc .21 in ChanlQ, whereas Hintr's initial AF value changed in the
opposite direction from .20'in Hintrl to .23 in Hintr2. The foregoing relation- =

L ships may enable us eventually to sharpen and better understand the correlations

between muscle fiber types according to biopsy, muscle response speeds (or o
powers), and operant muscle twitch characteristics, at least for our type of ;;i
- movement. Kroll (1974) and cthers have sparse systematic evidence but abundant iﬁﬁ
anecdotal evidence that the fast-twitch muscle fibers of biopsy are not always -

the fast-twitch ones of action. More work is in progress on this questicn. '?
Our model was quite sensitive to changes in parameter values, especially S?i
those that affected relative timing. The most disruptive changes of all were t}\
unbalanced flexor versus extensor ones. The antagonistic muscle systems in Eé;
our bodies must have some way of balancing their changes due to temperature ;i;
shifts, etc.; otherwise we could not retain the shapes of our movements when ;ﬁ;
cold, hot, sick, or slightly inebriated. i?i
We be1ievé that our model performs essentially the same kind of integra- x;;
tion that our elbow muscles do, at least when the EMG signals are clean and iﬁ&
synchronous as in Hintrl and A and Cnanl and 10. We also believe that the ii{
best-fitting parameter values arrived at in our Hintr and Chan runs are probably t:‘
unique (tc two decimals). Allowing for the coarseness cf our model, which was Ei;
retained to keep computer costs within reason, the fact that cur mcdel performed i;a
@ so well over many trials of several subjects gives it a credibility, especially =

in its temporal organization, approaching validation.
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7. CONCLUSIONS

Our J-Model should prove useful in at least two ways. First, it should
enable us to check further on the presently intrenched but increasingly suspect
ideas cn the role of biochemically classified fast-twitch and slow-twitch
muscle fiber§ in fast movements such as ours. Some evidence to date suggests
that the slow- and fast-twitch fibers of biopsy are not always the slcw- and fast-
twitch fibers of action. Now, by comparing J-Mode1 simulation with muscle biopsy
results, we can produce dynamically valid correlations on this question.

A second use of J-Model should be to aid the design of optimal electrical
stimulation patterns for use in 1imb rehabilitation following strokes and other
accidents. This would build on Boucher and Lagasse's (1980) success in trans-

ferring a skilled muscle activation pattern for our movement type from "donors"

to unpracticed "recipients."
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Fig. 1. Schematic representation of the essential elements involved in our E-".":
* arm movement. Initially ¢ is 60°, and the movement is to a target ¢ of 0°. =G
The flexor is the biceps group, and the extensor is the triceps. Flexor :
b torque is assumed equal to "T’FAF ¢os ¢, where "7"F = flexor tension; and .-
extensor torgque is taken similarly as ‘rEAE cos ¢. ' :‘_
Fig. 2. Plots from the dynograph recorder .n Hintr's tenth trial on exercise _,
o day four: The top two traces are so-called "averaged EMG's," and are denoted
ﬁl\G(t) waves. d) biceps E/M\G; b) triceps E/\MG; c) ¢ displacement in degrees
(cf. Fig. 1); d) & in degrees/sec; e) & in degrees/secz. d) and e) are time- ;;
|® shifted to the right because of derivational delays. Millisecond time markers ’
are written into the record at selected places, starting with 0 and the point E
where the a) plot rises off baseline. The small circles superposed onto the ‘;:
i a) and b) plots are for deriving EMG inputs to the model from the dynograph _
E/M\G plots. A1l Hintrl runs were abbreviatad to 340 ms to save computing costs.
%F(t) and 'E_EE(t) represent the time courses of effective nervous drives on
o the flexor and extensor muscles respectively. The EMG's are essentially the %
same as the gllE's except during the E/M\G's falling phases. The continuous, C
piece-wise-1inear waves formed by connecting adjacent pairs of encircled points ;-
e . . - - T
in a) and b) are denoted EMG-(t) and EMGE(t) respectively. The EMG's are used R
to produce the EMG's as per Kilmer, et al. (1981). The idea is to let Eﬁﬁ equal T
EMG except where T has a negative slope, and then to let EMG be the level to o
® which Ex/"1\G appears to be dijscharging through the dynograph's RC pen-control circuit.
° R




o Fig. 3. A pictorial outline of the conceptual basis of the U-Model. Tp is
the time at which ¢ switches from less than zero to greater than zero. SR is
the tension switching ratio for muscle lengthening vs. shortening. The SR and
%F values shown are fairly typical. In the Hintrl run of FASMOV, our PASCAL
implementation of U-Model, Sp = 3.0 and %F = -1.0. The ":=" symbol means

"is set to".

Fig. 4. a, b, and c show the successive hF(-) functions used from the start
of the Hintrl run of U-Model until after a later reque of hF(') that sets it

very close to its saturated state. d, e, and f show the same for hE(')'

Fig. 5. The continuous curve is a replot of Fig. 2¢) from curvilinear recorder
coordinates to rectilinear coordinates. The small circles identify the U-Model's

® output as derived from its T-:WG'F(t) and 'EM_GE(t) inputs (cf. caption to Fig. 2).
The parameters of U-Model were first set to best fit Hintrl's ¢(t) respcnse data.
Then only AE’ AF, and %F were allowed to be reset to best fit HintrA's data.

® That result is shown in Fig. 7.

Fig. 6. Similar to Fig. 2 except this Figure is for Hintr's fifteenth trial

of the second block of trials on exercise day six.

Fig. 7. This Figure bears the same relation to Fig. 6 that Fig. 5 dces to
Fig. 2. Because HintrA's second flexor burst in Fig. 6a) was relatively large,

- we ran U-Model for 420 ms on HintrA.

Fig. 8. Similar to Fig. 2 except this Figure shows Chan's second trial on
exercise day five. Chan's movement times for trials 2, 4, 8, and 10 of the
same block that the above records are taken from were 128, 126, 124, and 120 ms
(Hintr's were 140 ms on all trials). Chan was relatively very fast, and Hintr
was about average.

....................
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Fig. 9. This Figure relates to Fig. 8 the same as Fig. 5 does to Fig. 2,
except that it was produced by J-Model instead of U-Model. The two models
differ as follows" let the first numbers in the TDE and TDF sums denote the
onset times of the big triceps burst and the second big flexor burst respec-

tively. The second numbers are empirical parameters. At T.. we reset o and

DE
at TDF we reset five model parameters as shown at upper right in the Figure.
Initial parameter settings are given at lower left in the Figure. The para-
meter values below the dashed line in éhe initial and resst parameter lists

are the same for Chan2 and for ChanlQ in Fig. 11; only the values above the
dashed lines differ between Chan2 and Chan 10 runs. The value of Reaque is the
amcunt by which Cc (or cE) must change since the last Reque cperation {or since

t=0) before another of (or cE) reque is done. ECoN is discussed in Kilmer

et al. (1981); it is used to reque & and £g -
Fig. 10. Chan's trial 10 of the same block that the trial in Fig. 8 came frcm.

Fig. 11. This Figure relates to Fig. 10 the same as Fig. 9 does to Fig. 11.

See caption for Fig. 9 for comments on the parameter 1ists shown in this Figure.
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OF SIMPLE HUMAN STRETCH REFLEXES

ABSTRACT "

Human stretch rerflexes (SRs) are often too weak and ineffectual DY
to provide 2dequate postural regulation or rhyvthmic movement boosting -
(e.g. in ankle pushoff at the end of stance phase in fast running).

-

Recen: improvements in methods of artificially enhancing skeletomotor

5]

esponses, especially in therapeutic regimens, should not be widely

I 2 A A B 2 K B
o
P S

employved until the clonus-Tesisting stability properties of SRs are

better underscaood.

[: We formuiate an idealized linear servo model of a2 segmentally-

d elsctromechanical.

L ]
[{]

mediated SR sys<tem wnich includes the often igno
coupling delay. For :ypical closed-loop (delay/gzin) ratios, the

model is shown to De unstable for all values of loop zain when cperating
as a position servo, but maximally stable when operating as a velocity

serve., We claim thet the velocity servo or one of its nonlinear

» relatives is 2 benter model Zor some well studied SRs than, e£.g., Houk's

[(]
a
-
[{]

stiZf muscle hypothesis. We also present =svidence that even fe
and guickly saturaling moncsvnaptil posturzl servos are always unstatle

4 1€ operated as pure position regulators.
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1. Introduction

X

Rack's (1981) critique of several papers on reflaxes mediated by

2
Y

muscle afferents begins as follows:
L g

"The stretch reflex has often been regarded as part cf a
system for the servo-control of limb posi“‘on through which

a discrepancy between the actual muscle length and an intended
length generatss acztivity that minis 1::5 this ervor. 17 it is
® to work effectively, a servo-concrel sysctem of this tyve n 15
have a high gain around the f--doac loop, so that a smal
error leads to a powerful correction; all the available
measurements and calculations of this loop gain de, however,
suggest that it is rather disappointiﬁolv low (Matthews, 1972;
Vallbo, 1974) and this apparent shortcoming has sometimes

@ puzzled physiologists...We are left therefore in a rzther
unsatisfactory position; there is ample anatomical and physio-
logical evidence that the stretch reflex pathways exist, but a
quantitative examination seems to lﬁdlc‘t= that thev cannot do
the job that we have frequently attributed to them."

ct

‘..

9 In the same volume Hagbarth (1981), commenting on gammea loop reflex

functions in man, says that it is

ort via the

“questwo na whether the autogenetic ref o
T 1 red to counter-

le
) stretch reflsx) loop ever exceeds what
® balance the force of g*av1;v With aval
the position sensitivity of spindles =1d i
isometric contractions, it has been es:;aabed T
inflow cannoct be the main generasor of the moto:
enables the subject to nold the joint rosition cen
increased sxternal load."”

m(h [ ol

[
Similar appraisals of the mammalian stretch refliex (SR) in its many
guises abounc in several professional journals. Jne wonders if SRs mus<
- pe weak 2 De stzble--i.e., To not respond clonicallv, With the ongeing
develcpment of 2ver mere elfsctise technigues for enhancing the aJower
. ho
- A .. . X . . . P RS
9 3R3s, =2specially in rehabilitative human 1limb therapy (¢, Kzoll, e
h\.-
3 - - \..
v et.al., [1521)), 2z dirsct mathematizszl study of the stability provertiss ,\
= - M 2a~-m— - T e <A~ T3z "] A a - -~ - -~ - -aa -
Of scinal-segmentaily mediztad SRs TS3As) 23 2 function oI thelr fasic
» [
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elements, namely: fesdback, gains, delays, and muscle mechanics, seems
apropos. Though Evarts and Fromm (1S81) argue cenvincingly that SRs in
intact primates aust always combine segmental and transcorticzl con-

@ tributions to the changes in motorneuronal output following limb dis-
placements, we still have SSR loops whose elements are artifici. lly

alterable, so our study seems justified as a orscursor to a corresponding

® multiple-lo0p study (now in progress).

It is well known that by sufficienzly increasing gain-delay products
around simple closed loops, one can always eventually destazbilize them.
But whether the manv weak SSRs that have been observad are close 0

»

instability has not been systematically szudied. We shall formulaze

w
pt |
A.

- ‘,?‘ '..‘ .n" :

analy:ze scme simple (but we believe acegquatsz) S3R models as evidence that,

Pl

when typical relative parameter values cbtain, the following principles
hold: 1) If SSRs orerate aé”pqre.yg};city serves, they ars alwayvs
unstable. 2) IfVSSRs cééra:e as pure velocity serves, cthey are 3table
provided the loop zain does not exceed a critical value. Velocity servos
could act powerZfully enough to fit the sxperimertal data if thsir loop
gains dacreased fast snough after the SSR respense began. 3)
operate in equal proportions as the sum of position znd velocizy
they nave stability properties approximately midway between those of ¢
TWOo DarTs.,

¥e shall also siow that shortsning lcop delays greatly stabilizes
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o 2. Models to Date

<

To date cnly two series oI papers provide mathematiczl frame-

}f\',':

oy

works sufficient to accommodats reasonably cefinitive investigations o
A
-‘ .
® of the SSR stability-versus-power relationship. Hatte's series is
formulated in terms of state equations for numbers of motor uniis in e
different contractile states, and contzins too much fine-grained dscall KR

"to be appropriate for our purpose (cf, e.g., Hat:e (1980)}. Stein and
Oguztoreli's (1581) paper caps a series that analyzes loop respenses o
central nervous system inputs; but they assume an electromechanical
coupling delay of zsro and do their stability analysis as a function
of delays in the spinal, cortigal, and trans-cerebellar pathways ;.
{assumed to be 25ms, 35ms, and 85ms respectively). (Cf. Oguztereli ?
and Stein {197%6) for the full stabilicy analysis.)

We consider SSRs that contain an electromechanical coupling delay

of perhaps 50ms and a spinal loop delay (from muscle rsceptor to -

correspencing EMG input to the recaptor-bearing muscle) of, say, 25ms. s

'd

We get different results than Stein and Oguztoreli, mostly beczuse of e

- - ios

our different delay structurs but also because of differsnt parzmetar W
‘ vy
values and muscle rasponse shape. Delays such as we assume aprear, £o -

example, in Diet:z et. al.'s (1979) study of gastrocnemius responses o e

oot contacts of sprinting humans. The stzance ghase in sorintiag lascs o

-

only about 1ICms, dbut the powerful t=srminating pushorff is apparently N

zhe rTesulz o< 2an active tensiscn 1n the Zastrocnemius musals causad ov :::

RN
® an 33R. For other examplas, w2 2s3sume that Houk's {L1373) and Houk 3T, al.'s ;iﬁ
(1981) analysis of auscls s=iffness agnliss ©o the shert latancy T237oms: e

N
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in Allum's (1981) study of load ccmpensation in human ankle muscies
urder imposed foot rotations; so this and similar human SSRs fall
within the same general time frzme. Some of these are weak, &anc scme
appear to be moderately strong, at least if voluntary background
activation lavels are nigh and reflex durations are brief (Cottliedb
and Agarwal, 1979).

Of particular interest to us because of our own experiments on
falling (cf. ¥ooll, et.al, (1981l)) is Dietz, et.al.'s (1981) study of
riceps SRs in humans landing from forward falls. They suggest that
the first high force peak just after contact with the landing platform
is produced by a hizh initial muscle stiffness of Houk et.al.'s (1981)

type, and that £rom about 7O0ms until about 200ms or so latar, an SR
fully activates the triceps to stop the fall. The first triceps ZMC
burst occurs at 20-30ms, signalling an SSR; a second EMG peak cccurs
at 60-80ms after touchdown, and this together with latsr peaks complates
the SR. The elbcw angle sags from about 150° initially to about 9c°

finally, without significantly increasing again until 3 lzter volitional

>

response occurs,

stimulation ¢ the triceps just prior 2o such Zzlls can decrease =lhow

4 93 - 1 -~ 3 - - Sy - = -~ - S we e v ~ Yo Davwmaaemz
bending angles znd times <o Iractisns of <helir ncormal values., Panhzos
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Dietz et.al.'s SRs were not scronger because to have them so naturally
would cause the triceps to often cramp off unstably. Could Dietc:

et.al.'s tricep SRs be better regarded as mediated by

elbow angular-

velocity servos of both SSR and long-loop types which zeroced elbow

angular velocities as soon as stably possible after hand contact? This
idea is compatible with the hizhly dynamic characteristics of most:
human SR systems. Or, could elbow-position serves that too feebly
aimed to restore elbow angles at touchdown better explain Dietz, =2t.al.'s
data?

Any attempt to confirm the validity of the above servo ideas, and
then use 1t td artificially enhance SSRs for whatever purpose, should

proceed cautiously. Houk, et.al. (1981) shows that small strectches give

high spindle sensitivity, hence high loop gain.

4

Gottlieb and Agarwal
(1979) and GurZinkel and Shik (1972) note that voluntary

activicy level

fu
e
Hy
o)
o
.

increases can multiply SSR loop gains sever

Marsden (1979) Zound that increasing the load on a finger muscls increased

the associated SR. VYalldbo (1981) suggzests thaz

caused by parallel activation of skelstcmetor and fusimotor sys:tams; but
regardless of the mechanisms, the net effect was o incrsase SR loop
zain. Tosxe and Walmslev's (1931) study cf triceps surzs stiifness in
cats running Irezely on a tr2admill shows that it toeadmill spesds halaw

3als

the medizl zzstrocnemius (MG) acts somewhat like a spring in voks
vith the soleus. 3ut at higher speeds, MG zcts nuch more peowerfully,
so 1ts 1oop 3z2in is then torrestondingly higher, DTata in Dists:, ez.al
f1373; and in Diet:z [1381) suggest tha:t the s5ame 2 7sct 2ccours ia nan
GurZiskel and Shikx (1371 znd wissendanger 7I1373) point out the zomplsx
-.'_'.'"‘.-'~ - -.‘-'-"“ -."_..' -.'.'- S, ‘-.f KO ‘4‘ LY L T e e e e e e R
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@ tradeoffs between SSRs and long~loop SRs, especially supraspinally AL
[0
altered SRs. There are also abundant references on the distiaction B
- ™
-~
. - . . i
between ballistic reflexes and slow-tracking or fine-postural SRs. Sone o
S . H u%
L‘ ¥
L 4 believe that SSRs are meant to function only as fine-postural position =
servos. Evarts and Fromm (1981) opine that '"segmentzl and transcortical i
-5
proprioceptive reflsxes allow for servo controils which are important in h
® generating 'mild' motor adjustments necessary for precise active move-
ment and precise postural stability, but exteroceptive (rather than j:-.'j
proprioceptive) signals trigger the intense muscular reactions whizh -
- . . . s - . ":'
. are often called for in response to stimuli arising from the environment.”
e
Y
With these caveats in mind, we shall formulate an SSR model tha<+ ~
will enable us to investigate some SSR servo properties. i
-".-
. -
5. The General SSR Model ' D
We consider an SSR system for extensor and ZIlexor muscle groucs N
® about a single joint. Let F and E denote flexor and extensor, v the joint S
angle, dv/dt = v = x the joint's angular velocity, dx/dt = x the joint's .
angular acceleration, TL the load torcue about the joint (external torgue e
9 pnlus damping), and TF and TE the torgques due to fiexor and extanscr
tension. Then, normalizing the moment of inertia for rotation about the
joint to 1, we g2t Lo
- y(t) = x(z) (1)
x(t) = Tg - T - T, o
assuming that extensor shcrienings degrease v, -j:'.-
: . B . , . - - . S
¢ Kilmer ez,al, (1G81) nave shown that 2t lezst Zor very fas-, larg2 -
amplitude, sTart-anc-stos 2rn mevements 27lwT the 2lbow, T, and T_ can i
L c R
s
® o
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be quite accurately expressed as a ncnlinear convolution integral. We

use here the linear approximation to this integral

t
T. = S EMGE(‘T’) hE(t-’T‘)dT‘, (2)

t-A&E

where EMG_(7) is the envelope cf the 2xtensor EZMG at time T ; A_(:-7)
c -
is the extensor tension twitch at t corresponding to 2 unit impulse of

EMGE at (t-7T); and A‘E is the duration of such a twitch.

A similar equation obtains for T Focusing only on the negative

E
feedback SSR, and suppesing that moment arms, etc., Temain constant

throughout all rotations, we approximate (2) by

(1}
~

-

t
T, = j Kogy (7 - § ) repx(T -$)) h (=-T)d7T (
t-4 -
E

where § is the time delay between an sxtensor stretch and the appearance
on a corresctonding extansor EMG, and <<<N’2>is 0 if v is negazive and is

v otherwise.

.

The assumpticn in goiag £rom 72} to (3), namely that EMG

4 N\

g7 is a
linear comtinaticn of y{(v ~§) and x(7T-°5), is discussed below, bu:z for
now we accept it on the supposition that y i3 at least approximately
croportional tc the dirfference between the present extensor lang:th 2nd a
neutral reference iength, and x likswise to the rate of changs o7 length,
These approximations seem tolerabies in the iight of our purpose, waich

is to cha

5]

i - - . = b : PR aa 2CT canqlmilie
acteriz2 the nature 27 <tha relztionshiz tetween SSR s=abilisy

and loop gz2in and Zelav,
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Our system is now linear, so if we set h. = hE, bF = bE, €z = g
1Y

and T ='TF - T we can rewrite (1) as

E’

4
~
~
(8]
~/

y(t)

- St [bver - §)sex(T - 5)] h(z-T)eT (4)
t-A

x(¢)

We assume in (4) that T, is 0 by dint of choosing appropriate reference

L

levels and by taking damping %o be negligible. We also assume in (4]

that the quotient of muscle tension per unit EMG input in muscle
shortening divided by that in lengthening is approximately the same for
flexor as for extensor. The available evidence to date suppor:is this
assumption [cf. Xilmer, et.al. (1981)). Finally, we absorb S into the

h function in (4) and change variables to get

y(t) = x(v)

i 0

x(t) j‘ [by (t+e)+cx(:+e)] hig )de
-A

Ly
W
N

A . A A
For analytical convenience we now rescale t o t so that A = 1,
and approximate the shape and duraticon of h(5 ) by

(1+8 )h for -1€8< T, < 0

0 for T, < €< 0
h
whers é is a positive constant. In most of what follows we leat T‘._1 = /2,
with the interpretztion that one time unit on zhe % scale is about 1Ilms
cen the ¢ scazle. The resulzing n{S ) is interpreted :0 mean that a unit

MG impulse 2t t=0 leads to a twitch cesponse which Is O Zor about 50dm

.
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real twitch shapes, but Kilmer, et.al. (1981) show that in the highly

integrative muscle component of our system, such shape inaccuracies are
not nearly as imporzant as twitch starting time and area. h determines

our twitch area, nence cur loop gain. The final rendition of our SSR

model is

.

A

y(8) = x(3)

. -1/2 . R
-hj (& +l)[by(t+9)*cx(t*5):l 4 (7)
-1

.Q(?:)

+ CXa
2)
where the last line of (7) is the shorthand we use below. Henceforszh,

simply as t.

-

ct>

we shall write

4. A Velocity Servo

I1£ b=0 and c¢=1 in (7}, we have the vealoci:ty servo

. . -1,
x{t) = -n 5 (6 -L)x(z~2)d8=£(x_) (3)

g

[f we assume zhat the inizial x{€ ) dats for -l1<€<

(@]
)y
w
o
ey
473
2]
4]
X
b
w
()]

continuous, it Zollows from Hale (1977) and the ccmpletaness propertiss

of Fourier series that all solutions to (8) over any finizz t intarval

2XD (G’n t), wners 7', is the nd cemplex eiganvziuz ¢ [3) CTn = Yn
1/3n, 1 =1,2... . Thus all solution t2rms ars of the Iornm
e: T) Aces /St « 3 sing :7
PLY L n77 /" n o Ay
Sor agpropriats constants A_ and 31.
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. . . L th :
Referring to the solution term contalnlng<7h as the n " mode, ancé that

containing 01 as the dominant mode, we say (8) is stable iZ Bi(h)f& 0,
i.e., if the dominant mode is nonincreasing.
To find Kl(h) we substitute exp(s t) into (8) for x(t) and solve

the resulting eigenvalue equation, the real and imaginary parts of which

are, respectively:

3%nh vt phewy /] /m
(/) (¥ 2 pBcos(p /D) - 3 cos(A/2) -Asials /) (92)
[¥eos?(p/2) - 2pcos(f/2)sin (B /2)- Y sin’ (s /)] /exaly /2)
(26 (x% phemty /] /n
(1/2)sin{3/2) - fAcos(3/2) -¥sin(/3/2) (9b)
v [Beos?(8/2) - 2¥cos(A/2)sin(p/2) -4 sin (B /2] /exp(y /2)

The underlined terms on the left side of (9a) and (9b) are referred to as

z o and fi restectively btelow.

Figure 1 and Table 1 sketch the solutions =o (9) as a function oI h.

As noted in the Figure and Table captions, the two are slightly incompati-

0q

T
'™
cl
L2}
Q
a1

ble because of calculator roundoif errors. It is clear, heowever, th

an h of about 20 the dcminant mode of the solution to (&) goes unstabie.

In order to translats this into resgonse shapes Zor different h values in
a hypothetical idealized falliing siruaticn, we computzd the resnonse
shown in Figure I on a COC Cyber using the nighly accurate algorizhm

2f Banks and Xappel (1979}, For comparison, we aiso show thers 2s

x*(t) a sketzh darived from Die

(9}
o |
rr
(o]
vy
by
w
‘e
[4}
13 5
m
—
™
w

et.al.'s (1581 data

ct
[

x*(t) is a2 crude agoroximation o the angular veleccicy 3T an 2100w,
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Figure 1. Sketch of the eigenvalue loci in the top half of the 5 plane

for the x = exg(o t) solutions to x = f(xt). The arrows on all loci

point in the directicn of increasing h, as seen Irom Table 1. The scale

on the dashed loci is distorted to keep the loci in the Figure. The

bottom half of the o rlane is the mirvor image of the top half.
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Figure 2. Solutions zo (8) for different h values as computed on 2 COC
Cyber using Sanks and Kappel's (1979) algoritam. A lé-~spline approxi-

mation was used. The initial data for t < 0 is interpretad as the

m

angular velocity at an elbow joint after touchdown {at = = -.3) of a

[ R

man falling as shown in the stick-figure insert. The hypothetical

va
ot
[{)
pa |
wn
H-
(o]
=3
4
o ]

veloacity servo of ecuation (38) does not develop any brakin

y*(t) is a sketch, on a slightly different scale for readability, of data

from Dietz et.al.'s (1981) Figure 2. x*(2) is our crudely derived

approximation to y(t), and is reasonably accurate only Ior
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ments by us indicate that our equation (3)'s initial daca i

idealization of what one usually finds.
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® Note the ccmparison to our x*(t) sketch of the correspending Diet:

et.al. (1981) data. OQbviously, by letting h in (8) decrease appropriately

after t = 0, we could fit the x*{t) curve exactly. Any reasonable "
fa
oS
o interpretation of x*(t), though, would have to suppose that the initial

falloff of x* (from touchdown at t = 060ms (or t = -0.5) until the

icinity of 0 was due to 3 passive viscoelastic 2ffect, and that only I;:
e the subsequent falloff of x* could have been controlled by our aypo-

thetical velocity servo. Given the strong, long-lasting pre-innervation

of the triceps berfore touchdown (especially ia the blindfolded subjects), -
v a decreasing h after ¢t = 0 due to a saturation effect seems plausible z
as a way ﬁo represent the decreasing (tension/EMC) ratios that must zil
inevitably occur in such fast, high-powered arm movements (cf. XKilmer, lii
L4 et.al. (1981)}. That such an h saturation would be stabilizing zo about -
the right degree can be seen by comparing the shape of the x~ resgomnse £¥i
in Figure 2 with the other resgonses there. We believe that this is Eii

4

the best way to conceive of Dietz et.al.'s findings, not ¢nly Zor the
SSR response comronent, but for tiie entire SR respomse. We warn, -G
therefore, of the attendant dangsr of instabilicy if artificial stimu-
lation is employed. Appendix A provoses an analytically tractabls way
of letting h dacrease so as to yield 3 response like Diet:z et.al.'s. L

.

15, we snow Figure 5, Shortening the loop Zelay i

W

a powerIul way of

stabilizing the system; this should be k2pt in mind whenever considaring

SSRs that occur in muscles that are a2lready strongls zrainnervaszad
P oAt R : . - . - . . - -~ . - LS 1 - P .
{hence Juickenmed in tielr electiromechanical ctuolinsy. ADDSENCIX A 5ACWS,
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interalia, that in the extreme case where A in Figure 3 is 0, the
system is asvmptotically stable, with no solution overshoots (i.e.
sign changes) even if the initial data is either all positive or all
negative,
Figure 3 suggests wny Stein and Oguztoreli’s (1981) assumption of
a shortest loop delay of only 25ms could yield a falsely secure sizbilizy
that
analysis. Note, however,Ag%e Cguztoreli (1976) graphically por:trays
how his long-loop 53ms and 8Sms delays can be stabilizing if oscillateory
> b+ -4
signals over his long-loop paths arrive at the muscle in antiphase with

those over his short-delay path. Nowhere do Stein or Oguztoreli consider

pure velocity servos.

S. A Position 3erve

I£fb=1and ¢ =0 in (7), we have the position servo
y(e) = x(t) (10a)

. . -1/2
x(z) = =h j . (8 +1)y(t+r6)de = f(yt) {10b)

Proceeding as in the previous Seczion, we obtain eigenvalue equazions
that differ from (5a) and (9b) in that for (10) we have

— 2 - 7

9 (11la)

{115)

Figure ch the solution to the eigenvalue eguatizns

as a function ! The roundoff errors somewhat largsr than wita

the velocity servo, but the gualizative naturs of <he




F’ Figure 3. Solutions of x = fA (x) for three different A s to show the

stabilizing effect of reducing the delay & . h = 20 for all curvss.

The A = 1/2 curve (not shown), has an envelcpe whose magnitude increases R;

-

+' very slowly. These curves were cobtained using a hand calculator.
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Figure 4. Similar to Figure 1l only now x = f(yt). Again there is a
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countable infinity of modes. Modes higher than the first are not drawn
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; MODE 1 h
0 0 0 A

(aY

? 0.996 0.040 0.117

o
6.10 0.210 0.25T 5
14.75 0.418 0.35T S
21.96 0.552 0.40T =4
H‘ 47.55 0.887 0.507
103.35 1.321 0.60T o
360.0 2.20 0.75TW ;t_-_}'.‘.
911.0 2.90 0.85T o
- [ VY
4,512. 4.51 T
7 NS
5.3x10 16.81 1.5 S
MODE 2 =
‘ s %

0.2966 -11.18 1.5W
12,67 -5.86 2

Table 2. Similar to Table 1 except now x = (v ).
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shows some solutions of {10) for different ﬁ values to conveyv this

more graphically. Thus pure linear position serves should never be
sought in the body's melange of SSRs. This should eliminate the ''length
follow-up servo hypothesis of Merton (1953) because that postulated a
fusimotor equivalent of stretch as the actuator of a response otherwise

produced by a systam essentially the same as (190).

-

8. A Combined Position and Velocity Servo

Ifb=1and ¢ =1 in (7), we have

}(t) x(t) (12a)

(1)

n

. -1/2 1
-h ‘S-l (e *l)[ y(t+8 ) + x[t*-é)_l de = f(yt*-xt) (12b)

The eigenvalue equations for (12) differ from ($) in that for (12) we have
2 ,2

s 3 25830y o) +A2(3v -2 (13a)
T (Y*U2+ﬁ2
2, =86 shren -aviyiand (15b)

2 2
(3+1)7 +A3
igure & and Table 3 briefiy sketch the eigenspace Zor (12) as 2
function of n. The roundoff errcrs are larger than ever, but the quali-

-
i

tative features in Figure § are corrsct, Figure 7 plots solutions to

(12) Zfor several different h valuss, Cur combined servo gives us an
expectad blend of its component servo response characteristics, Jiffsrsncly
proporzioned b and ¢ values would simply weight the two components

characteristics differently to produce the total system response,

The combined servo is less stable than the velocity servo, hul in

- 4 -~ - 1 - - .y -l . e -
gains it tzXkes the sositinn erreor 2gymptotically oo
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Figure 6. Similar to Figure 3 except now X = f(xt+ytj. Again there is
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MODE 1 N

3.0 -0.0426 0.2137

oo
7.365 -0.023 0.364 i
20.0 0.468 0.627T o

50.0 0.8427T _

r 250 T -

.

Table 3. Similar to Table 2 except now x = f(x_+yt"). )
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zero, albeit to00 slowly and with too much oscillation toc believe any

.

SSRs actuzlly operate that way, See the grapchs in Appendix 3.

Shortening the delay in (12) from 1/2 to &< (1/2) has much the

o~

same effect as it did for (8). 1In fact, if h is also greatly decreased

(to slow the servo down), we can use the results of Driver (1976) to

show that (12) behaves increasingly like

x(t) (14)
(=n/2) (y(r) + x(2))
whose.eigenvalues are -(i/4)¥(ﬁ/4)(1-4# h/Z)%. Thus for (ﬁ/Z)%<.4,

y(2)

x(t)

(14) gives stable oscillations, where otherwise its solutions are of the
form c,exp(~-a,t) + c,exp(-x ., t), with«, , X, >0 and c,, ¢, appropriate
1 1 2 2 1 2 1 2 TEETTS

constants. It can be shown in general that reducing the product of gain
and delay in (12) zlways has a stabilizing effect,

Quite possibly SSRs of the type (12), but approaching the sluggish
limit (14), operate in respiratory, masticatory, or other systems whers

-~

responses can be slow and positions are not always corrected by veolitional

acts.

7. Discussion

Houk et.al. (1981b) found that in decerebrats cats the dischargs

n

rate r of spindle receptors to large ramp increases in length chevs

o 1
where X and yl ire constants and T, i5 the dischargze Taite hefore
stretihing cegins. I 713) were oroportional ¢ our EMG in (I} and x

and y were alwavs positive, (7) would change to

s
.
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L lcocribt-t 0¥

y(t) = x(t)
. . -1/2 ,,
0.3 Yo
x(t =-hf [u—e - x{z+ 8 . >
e
. >
b Note that (l16) assumes linear(spindla activizyto-EMG and EMG-to- muscle ;’.
- — e e x=
tension relations. N
Y

¢ 7

Matthews (1981) has questioned the generalizabilizyv cf (13) =0

PR R
et e

.

» other than ramp stretches, but concedes that (r - ro) always increases

.

'
»

in response to a stretch far more slowly than in direct linear prorpor-

o
S

¢ e

tion to the stretch velocity. This is contrary to (7), but Houk et.al.

rar
i

@ 1981) suggest that the end result of (l4) may be a force-length relation
gO 2

‘;"‘:"]‘1’/‘ 8 ‘-"

around the SSR loop which is neariy linear cver a restricted pnysio-

¢
T I

logical range, in line with his stiff-spring hypothesis. In fact,

1o Gottlieb and Agarwal (1979) found a linear relationship between velocity
_ of imposed stretch and magnitude of reflex EMG into human triceps surae, o

v

L

but the hrief 10-40ms duraticon of their myvotatic reflex was rs

'y

arred O

TRTE
a d e

-
v

| by Houk et.al. (1981b) as a linearlv scaled initial dischargs 2t the [ ]

beginning of the latters' several-second ramp strestch. 3:

We belisve that (7) may be an acceptable compromise £oT 3t least N

P a restricted range of phivsiological conditions, but we also believe that !

(16) zerits further study. Noting that in Houk's repliy to Matthews' R

comments above, Houk said (15) does not hoid during muscle shortaning, o

o e ; . ; e - ex R
we set K in (1§8) to X when x 2 0 and { when x<0, with X = 3i

. - - . -

uess) . The numericai soiuticn of the

1.2, %

1)

W
W
23
9
<,
jos |

resulting equation, starsingz Zron the inicial Zatz of

»
|® : v
4 rig < £a f 2] EFawmame A yali.a St dan e Ty FTAY hmahRAaviads agsameda
on ril3. s &3 TwO QlIZ2T2nT n va.lues, zvidently, (9] fenaves 23s52antlz..
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L Figure 7. Numerical solution to the eguation shown, as calculated

_d_
XY

with a hand calculator using 16 steps per t time unit and a

..
o

-
£y
i
.

L Simpson's integration rule for the right side of the x(t) ecuation.

Note the different time scales in the h = 10 and h = 1 plots.
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like a pesition servo, (the small exponent on \x[t+e)l keeps this

factor Elose to 1). Thus (16) is probably unstable Zor ail positive
values of ﬁ.

Since spindle firing rates reach their upper limit quite easily,
we augmented (16) with the tanh saturating function shown at lower left
in Fig. 8, and again solved the resulting equation numerically. As
Fig. 8 sho&s, this did not change the general character of the solution
at all. Thus even mildly sensitive and quickly saturating spindle drives
on & -gotormeurons are very unstable in the position-like servo of Fig. 8.
This fact is in stark contrast to what one often reads in the physio-
logiczl literature.

A future paper will treat the extension c¢f (7) to include not only
the SSR loop but also the two long loops of Oguztorsli (1976). We shall
analyze the resulting system as various combinations of velocity and
position servos operating with various combinations of loop gains and as
perturbed by stochastically shifting delays. OQguztoreli and Stein have

1

not considered such combinations and stochasticity in their seriss o

rh

papers.
A natural test of (7) would be to apply it to the active component
¢f the zastrocnemius push-off tension in sprinting humans. The challenge

#woulcé be <o factor the stance-pnase triceprs surae SR into passive viso-

elasticz effects, possible h boosting 2ffects at

[a)

he tegianing o each

step's gastrocnemius SSR response (especially likely in fast-stretch

,

. wlaed ag) S == < ; PR sz
muscular ataletics), fatigue 2ffacts, and the possidls affacis o

sroperiy timed elsctirical stimulation te improve cerfcrmance.
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Figure 8. Similar to Fig. 7 only the x(t) squation now
tanh saturating function shown at lower left. The h =

above the t axis and the h = 1 scale appears below it.
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8. Conclusion

v
1‘ -

Qur lineari:zed SSR model, equation {7), is unstable as a position :ig
LA
servo, and stable at sufficiently small gains as a velocity servo. We $§§
propose that the velocity servc formulation fits Dietz's triceps SR data 't;
for falling humans better than Houk's stiff-muscle hypothesis. Some E;E
other SRs, such as occur in biceps when an arm in handshake pesition is E;:
suddenly loaded, should also eventually model best as velocity secvos .
because probably they are among the more powerful clonus-free SR systems ;E'
of the type described by (7). :ii
A position-like SR servo suggested by Houk's power law for spindle R
firing rates was shown to be unstable even for mild spindle sensitivities Eg;
S
and quickly saturating firing rates, contradicting some of the physio- :ii
logical literature (but none of Houk's pzpers). | . o
. RS
Presently we have strong analytical and simulation EEE
evidence that the pure position §ervo of (10) with one or two long laops i
added is unstatle for ail positive gain and delay sats, and that the ﬁ?l
. e
corresponding velocity sarvos are stable as long as the sum of the gain- S&L
delay oroducts for all loops is less than a fairly tight bound. This N

suggests the pgssibility that all control of pcstural staadiness is .
the Tallowings e
mediated bya steady, centrally producad sigrais; veiocity or mixed

velocity and position serves (accounting for the ubiquitous 10 Hz. tramor); -
<« 1

e " 1] :"'.

and volitional "saccades". -
Qur results should apply o the design of Zunctioral siec:zrical o

-

stimulation reginens, anc o the possible future design of ausclae-zcuwsr -
amplifiers, i
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AvEendix A

A LIAPUNQV STABILITY ANALYSIS FOR FIGURE 3 ALSQO GIVES ONE FOR AN

x*-APPROXIMATING SYSTEM FOR FIGURE 2.

The title of this Appendix states its purpose.

The system in Figure 3 is

. . -4
x(t) = -hj‘ (e #1)x(t+& )d3

-1/2-A

(Al)

We call such a system stable if for every piecewise continuous initial data

x(@) such that the maximum [x(e )‘ for & in the interval from -1/2- A

to 0 inclusive is § , there exists an € (§) such thatr the maximum ]x(t)‘

over all finite t > 0 is<€€(§).

In Section 5.3, dale (1977) considers the equaticn

. 0
x(t) = -j a(-6)g(x(c+21))ds
-r

wnere all of

a(r) =0, a(z) > 0, a(c) g 0, a(%)
are contiauous, and
X

G(x) = I g(s)ds =0 as |x|—>
o

4e shcws that the function

v (x(t)) = G(x(t}) - 1/2 f a(-3)

is Liapunov; that is, that

L£0,0g5t<r

2

0
[J‘ gix{ct+*s))ds ] a3

(A2)

{A3)
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dV (x(t))/dt = 1/2 a(x) g g(x(t+& ))d91
-T
9 (o] 2
-1/2 f a(-6 )[[ g(x(t+s))ds| dé (A6)
-r <]

is £ 0 for allAfinite t 2 0 (our assumption of piecewise continuous initial
data is an obvious generalization of his continuous initial daza). Thus
by his Coroliary 3.1, (A2) is stable.

I£f A = 0, equation (A1) is of the form {A2)-(Ad); hence it is stable.
Moreover, if its initial data is either always positive or always neg;tive,
its solution is easily shown ts have azlways the same sign as its initial
data.

When A > 0, as it must be in our SSR interpretation, Hzle's
functional does not yield (A8). Applying (A3) to (Al) with & = 1/2,
r=1, «(-8) = (& +l)g, ic—e) = é, ;(-6) = 0 and g{x) = x, we get

2

. . t-1/2
4V (x(2))/de = -1/2 (-1} [f x(u)du] (A7)
t-1

- ;c(t) [x(t)-x(t—l/Z)]

Routine manipulations show that dV (x(g))/dt<0, implving that {Al) is

(21N

stable, 1
x(t-1)/x(t) £ 8 é for all =32 0 (A8)

fa loose suZficiency condition).
Assuming a2 solution to (Al) cof the form exp

-x

N
/

, With (- x ) the

lam)

dominant negative real eigenvalue of (Al), (A8) implies 2xp(x )< 8 1,

'y

wiere 11 here cannot exceed the largest value permizted bv 2 rositive re

a.
in fAl)'s eigenvalue 2quation
5 .
X~ =0 explex /2] [(exp(a,«’ll—’_)/z - LT CAS)
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This h is 4.346, as seen from Figure 1, and the associated x satisIving

<

(A9) is 1.434., Since exp(3.549) = 3(4.346), this associatad x easily e
L4

. s . - .. - &)
satisfies (A8). A simple argument also shews that for initial data or v
L)
the form in Figure 3, d V (x(t))/dt in (A7) is <0 for all t > 0. Thus :
we have a Liapunov characterization of solutions to (Al) that go Zj.‘i
asyaptctically to 0 as ¢ get large., This characterizaticn will now De -
used to prove the stability of a nonlinear modification of (Al). -
The modification is given in Figure Al as f\‘(x(:)). The idea of :fj-j

. »

f\‘ is to have a form of the type (Al) but such that h is now an original o
constant h times exp(ex{t)) for scme weal constant ¢. This would zive a
stable solution to x = EV(x) by the above Liapunov argument iI at each oy
x(t) the solution's backwazd continuation over -1<€&€< 0 wers 2xp(cx(t)) o
,

instead of its larger true value. Replacing x(t+&) in (Al) by the I~
. - .z . sy
x[t)[exp(-cx(t))s_! = x(t) [exp(-cxte)] factor in :\‘[x[:)) accemplishes
! ~

precisely this change. The results for two values ¢f ¢ are plot:tad in ::
Figure Al Sor ease in visualiza<ion. "
:’.:

i

. - - - A . . . N A TR S ST S R M N - . —.u'- . - . . .
S e . . PR P R L L P I St e . S I I T T . - . e T e e e et e e e .
e alof ittt o ko et ad ot akal p;ﬁ.-‘iA"A'.\L‘nAA‘A_‘k'{L“mu__'_‘_'._‘L‘;‘ LR T NN S R L N




Ao a
AL AL gD S A A 0 U0 Se A - I = A e Eadam A e Sl T e o i adier S ol ae oA Ay S Adr-aiar 4

Figure Al. Solutions to x

= fV(x) as determined 2y hand calculator with

A t step
and x(tz)

decreases

siig

with ¢ = -1 portray graphically how the integrand I

equal to 0.05. The backward curves a andé b from x(tl)

with decreasing x.
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C=y
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Introduction

The terms muscle reeducation, gait retraining, and neurological
training commonly used in rehabilitation exemplify the importance of
motor skill development in therapeutic exercise regimens. In hemiplegic
patients, for example, rehabilitation is considered to be a learning
process involving reorganization of the central nervous system in order
to relearn lost functions (Swenson, 1978). In cerebral palsy, there is
a deficiency of motor control and the goal of rehabilitation is to help
the patient acquire new motor skills (Halpern, 1978)., It is clear, there-
fore, that the success of therapeutic exercise systems is closely linked
to motor control and motor learning knowledge domains. That is, an under-
standing of the mechanisms of motor control and motor learning is crucial
to the development and prescription of therapeutic.exercise systens,

As new information becomes available in the neurophysiology of movement,

.researchers in motor control and motor learning attempt to assimilate this

new information into existing theories and models. In some instances, the
new information verifies and clarifies existing theory. In other instances,
of course, the new information necessitates correction of existing theory.
In still other instances, the new information may suggest the wisdom of
abandoning current theory and the development of new theorv.

Recent discovery of sensory imparted learning has led to the postulation
of a new theory of motor learning, the reverse loop theory of motor learning.
None of the existing motor learning theories make any provision for sensory
imparted learming, suggesting the rotential significance of the reverse

loop theory for all aspects of motor learning. The reverse loop theory of

atal {LA\.\.L'A.L';‘~:.‘"-L.-_.‘."AA""-L'L",";‘:.'._;.""'_\'Ls‘g’~'-'
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motor learning, furthermore, is not simply a modification of existing mctor

& . . <. .
learning theories, but an entirely new type of motor learning. Coupled
with new information about neuromotor coordination mechanisms of fast limb
movements and functional electrical stimulation, it appears that a suitable

®
theoretical interface can be proposed which has considerable relevance for
therapeutic exercise systems.

It is the purpose of this paper to present a brief overview of the

L
relevant new developments in motor control and learning, neuromotor
coordination mechanisms, and functional electrical stimulation as they
relate to therapeutic exercise systems.

®

Neurophysiologically Based Exercise Regimens
A number of central nervous system pathologies produce a variety of

® ~residual motor deficits which are aggravatingly resistant to rehabilitation.
Because of less than satisfactory results with traditional exercise regimens,
newer therapeutic exercise systems have been developed which are based

® largely upon neurophysiological mechianisms underlying volitional muscular
activity. Analytical comparisons of the newer and more promising therapeutic
exercise systems (Harris, 1978; Hirt, 1967; Flanagan, 1967) suggest that

e i I s : :
these systems exhibit marked similarities in terms of actual techniques
employed, and even greater similarities in terms of central nervous system
effects being scught. As seen in Table 1, each of the more recogni:zed

- e . . . . .
neuropnysiologically based exercise systems is characteri:zed by a subset
of specific sensory stimulation techniques capable of facilitating or
inhibiting volitional muscular action. Other svstems utili:ze inherent

. : :
movement patterns which are designed to simulate particular stages of
normal motor development.
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Although not explicitly stated, the basic principle common to all D
| 4 . . s
neurophysiologically based exercise systems is the goal of transmitting 5
et
sensory stimulus patterns which are more intense than that produced without g;‘
. . ‘s . . . . b
the added proprioceptive facilitation. Frenkel's coordination exercises 14
o
for tabetic ataxia (1902), for example, emphasizes repetition as a means Sad
of producing desirable changes in the central nervous system: -l
, The treatment for tabetic ataxia is based upon the education o
@ of the central nervous system by means of repeated exercises, where-
by it is enabled to receive sufficiently distant stimuli from the N
limbs... T
Theoretically, the transformation of an ataxic movement into o
a normal movement takes place in tabetic subjects according to the ol
same laws as the acquisition in healthy persons of a complicated o

@ movement. ..
Thus, Frenkel's system emphasizes repetitive movement as a means of

transmitting appropriate sensory stimulus patterns to the central nervous

o system with such repetitive mevements chosen to simulate fundamental stages .
of normal motor development in an appropriate sequence. Quite similar _ =y
rationales are espoused by treatment regimen: prescribed by Fay (1934}, -

L

e Rood (1954), Phelps (1967), and Doman-Delacato (Delacato, 1966: Doman et al., -

1960) . o
The Bobath system (1970) utilizes various postural reflexes and };

equilibrium reactions "...for purposes of modifying muscle tone or eliciting

desired movements (Harris, 1978)." Muscle stretch and tapping are used to .

further enhance proprioceptive facilitation. Herman Kabat was one of the o

' - . . - k3 -

first proponents of proprioceptive neuromuscular facilitation as a "... o
.!‘\'
valuable tool in therapeutic exercise to increase central excitation and X
g
thereby enhance the voluntary activity of pazralyzed or paresi: muscles Y
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o (Knott and Voss, 1962)." Included in Kabat's suggestions were techniques :}A
tilizing reflexes, irradiation, and successive induction. o~
It seems clear, therefore, that the production of enhanced sensory ES,

¢ stimulus patterns for transmission to the central nervous system is the ig
goal of all modern therapeutic exercise systems based upon neurophysiological g;

.y

mechanisms. Implicit in such a treatment rationale is the importance of }‘

P transmitting appropriate sensory stimulus patterns of enhanced intensity. o
Beneficial effects of such heightened sensory stimulation transmitted to }i

the central nervous system are presumed to enhance recovery. The exact Ié;

@ neural mechanisms involved remain poorly defined but most theoretical i;
explanations include some variation of the concept of neuroﬁal plasticity ?Q
(Bach-y-Rita, 1980; Cotman, 1978). The neuronal plasticity argument, of ;l

® course, purports that the central nervous system has the capacity to L
create alternate pathways and thus compensate for damage to previously :E;

established central nervous system pathways for volitional muscular activity. 3&

[} It was once held that damage to central nervous svstem pathways and 2
centers was irreversible. Evidence has accumulated, however, which suggests ;EE

that recovery of central nervous system functional capabilities may occur %f

® in several ways. Cotman, Nieto-Sampedro, and Harris (1981), for example, '
have shown that actual formation of synapses may result from repeated ;;E
stimulition, and suggested that such "reactive svnaptogenesis'' may be a :if

o

- mechanism involved in recovery. Synaptic plasticity can also manifest I
itself by actual morphologic changes in svnaptic structures as Eccles (1979) 3;

has shown an increase of up to 40 percent of synaptic spines on dendrites .25

v

of granule cells in hippocampal neurons. More extensive dendritic trees




of layer II pyramidal neurcns have been described in the elderly (Buell
and Coleman, 1976) suggesting plasticity even in the aging brain. As
early as 1902, Lazarus speculated that recovery of function in hemiplegia
might result by compensatory utilization of different nerve pathways which
take over for damaged pathways. Both Wall (1980) and Bach-y-Rita (1981)
suggest tﬁat existing but unused pathways may be ''unmasked" when the
ordinarily used pathways have been damaged. Such unmasking is enhanced
by an increaséd central excitability due to decreased sensory input.
Proprioceptive facilitation is also known to allow the recruitment of
"subliminal fringe neurons' which cannot be volitionally activated., It
should be noted that the sensory stimulus pattern transmitted to the central
nervous system plays an essential role in all of the proposed mechanisms
for plasticity described above.

Equally obvious is the observation that a limb (or any movement
synergy) affected by some pathological condition can produce only inefficient
and incorrect volitional movement. Such inefficient and incorrect volitionai
movement produces a sensory stimulus pattern for transmission to the
central nervous system which 1s itself inefficient and incorrect. Addition
of proprioceptive stimulation techniques may improve the quality of the
movement produced, but only to a small degree. Thus, even with the benefit
of proprioceptive neuromuscular stimulation, the central nervous system still
receives an impoverished sensory stimulus pattern. If recovery of central
nervous system functioning is dependent upon the quality of the sensory
stimulus pattern received, then recovery is likely to be slow and dependent
upon gradual improvement in the quality of the movement svnergy winich

produces slightly improved senscry stimulus patterns.
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What, however, would be the effect upon central nervous system
functioning if the sensory stimulus pattern transmitted to it from an
afflicted limb was not only correct and efficient, but an optimized
sensory stimulus pattern representing ''perfect' limb movement patterns?

Such a possibility now seems feasible because of developments in functional
electrical stimulation, in the understanding of neuromotor coordination
mechanisms for fast human limb movements, and in the demonstration of
sensory imparted learning. As will be shown, each of these three relatively
distinct areas of research have certain elements of relevance to each other,
and a blending of such elements may hold promise for a vastly improved

rehabilitation regimen for recovery of function in afflicted limbs.

Functional Electrical Stimulation

In 45 A.D. a Roman physician named Largus used the electrical discharge
of torpedo fishes in the treatment of pain caused by headache and gout.

A rival Greek physician, Dioscorides, discounted the value of torpedo

- fishes for headache relief but recommended its efficacy in the treatment

of nhemorrhoids. In 1745, the Leyden jar and an electrostatic generztor
were used to treat angina pectoris, epilepsy, hemiplegia, kidney stones,
and sciatica. Benjamin Franklin used an elsctrical device to successfully
treat a young woman suffering from convulsive fits., Electrical stimulation
has also been used in hydroelectric baths to curs chrecnic inflammation of
the uterus, and, in the 1920s, used in conjunction with a spiritualist to
drive out a possessing spirit from the body of a mentally disturbed ratient.
Fortunately, such an amusing early history of the simple beginnings

of electrical stimulation did not prevent eventual development o7 a wide
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variety of useful therapeutic and rehabilitative techniques., Cardiac ;;
® pacemakers and transcutaneous electrical nerve stimulation (TENS) for the =
treatment of pain, for example, are two such valuable developments. E;i
Another electrical stimulation technique receiving major attention is g}
. that of functional electrical stimulation (FES). Work in FES involves 3
stimulation of the nervous system or the muscle in order to restore lost é;
function. Liberson, for example, developed both the technique and the i}:
. device allowing stimulation of the peroneal nerve to activate the anterior a6
tibialis muscle and help restore a normal gait pattern in hemiplegic Ei:
patients with a foot drop problem. 2;
At present, two major centers of research and development are active -
in the field of FES. Under the leadership of Lojze Vodovnik, the Faculty
of Electrical Engineering at the University of Ljublana in Yugoslavia have ,i.
concentrated their efforts in the engineering development of electrical ' ;;f
stimulators to be used as prosthetic devices. The Rehabilitation Engineering %é
Center, Rancho Los Amigos Hospital, University of Southern California has ij
a similar focus with added emphasis upon treatment and the education of :%'
practitioners in the use of FES techniques. FES is currently being used ?%
in the treatment of patients with stroke, arthritis, spinal cord injury, 52,
and post-operative orthopedic problems. éﬂ
FES and Neurological Recovery é;;
Limb paralysis is included among the numerous ailments for which -
electrical stimulation has been prescribed ever since Johann Gottlog Krueger f;j
Ny
speculated about its use for restoration of function in paraly:ed limbs :E.
in 1743 (Licht, 1953). As described bv McNeal {1977), Kratzenstein in 1744, }:_
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Jallabert in 1748, and Quelmalz in 1753 all reported successive restoration
of function in paralyzed limbs by the use of electricity. The modern era
of the use of electrical stimu;ation seems to have begun with classical
study reported by Liberson and his colleagues in 19611. In 1961, Liberson
and associates successfully developed a technique which stimulated the
peroneal nerve when the heel of the foot of a hemiplegic patient touched

the floor. Stimulation of the peroneal nerve activated the anterior

tibialis muscle and helped restore a normal gait pattern to hemiplegic
patients with a foot drop condition. It was observed that even without
® benefit of the electrical stimulation "...the patients acquire the ability
of dorsiflexing the foot by themselves.’" Although Liberson and his associates
noted that the positive effects were transitory; the concept of a ''functional
® electrotherapy' in which electrical stimuiation of a muscle could replace
impaired innervation was born.
Other investigators (Carnstam, Larsson, § Prevec, 1977; Dimitrijevic,
@ Gracanin, Prevec, § Trontelj, 1968) have described apparent retraining or
reorganization of the central nervous system due to repetitive functional
electrical stimulation, or FES as it 1is now known.' Gracanin and Maringex
o (1970) reported long lasting effects from peroneal nerve activation in
hemiplegic foot drop patients to the extent that many patients eventually
walked without electrical stimulation. Waters et al. (1973) also rerorted

. permanent changes in walking patterns with positive changes in stride length,

1. . C . .
cankel (1960) reported successrful treatment of hemiplegic upper limbs with

stimulation assistive exercise f3AE) in which repetitive sinusoidal electrical
L stinulation of paraly:zed muscle was derne in conjuncticn with the patient’s own
volitional exercise effors:.
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single stance duration, and walking speed while Gracanin, Vrabic, and b

Vrabic (1976) showed positive changes in walking and posture in cerebral §:.

sy

palsied children even after cessation of electrical stimulation. Vodovmik g&‘

P and Rebersek (1973) demonstrated greater voluntary torque production for o,
dorsiflexion when stroke patients had volitional effort coupled with con- ?i;

current electrical stimulation. The latter study is quite similar to the o

+| stimulation assistive exercise (SAE) reported by Zankel in 1960 which L
coupled voliticnal exercise assisted by electrical stimulation with the E;;,

result of improvement in range of motion of hemiplegic upper limbs. Egl

LI Available evidence conéerning the use of functional electrical i.f

stimulation as a technique for neurological retraining is not plentiful,

and not without methodological deficiencies. Improvements cited previously, ff
for example, could have resulted from improvements in muscle strength
and endurance rather than from changes in the neural control mechanisms. P
In several of the functional electrical stimulation studies the methodology .
employed could be likerned to proprioceptive stimulation techniques; i.e.
superimposing an electrical stimulation upon a volitional contraction R
(Liberson et al,, 1961; Vcdovnik and Rebersek, 1973; Zankel, 1960) mav have ﬁi}
acted much like any other proprioceptive stimulation technique to enhance
volitional muscular activity.

As it has been used to date, functional electrical stimulaticn has
been administered either to activate a paralyzed muscle to produce action
where ncne can be produced volitionally, or to provide additional stimulation

to an active but weakened muscle. Improvement in neural control mechanisms,

th and =ndurance

however, cannot be separated from improvements in muscle siren




because no measures of neural control mechanisms have ever been collected.
Since neurological retraining is of more importance than changes in the
peripheral muscle apparatus, there is an obvious need to develop a research
methodology which can differentiate true changes in neural coordination
mechanisms from changes in the periphery. Through no accident, planned
research strategies have been developed which provide both the technique
and the basic knowledge necessary to distinguish true changes in neural

coordination mechanisms from changes in the peripheral muscle site.

Neuromotor Coordination Mechanisms

Muscular coordination involves the participation of many muscles that
essentially act in cooperation with each other to apply force and prcduce
movement, or in opposition to each other to inhibit force application and
impede movement, In effect, the properly timed contraction of muscles at
specified force levels involving the agonist, antagonist, and synmergist
muscles must be done in a sequential order for movement to even occur and
for efficiency of movement to be possible. The initiation of a movement,
control during the movement, and the ending of the movement a2ll depend uron
basic neuromotor control mechanisms. It 1s covious, therefore, that the
timing of force applications by involved muscle groups is an inherent
feature of skilled, coordinated human performance.

One of the more persistent lines of investigation dealing with
coordinated movenment and application orf muscle force nhas been that dealing
with maximum speed of limb movement. Since the force required tc cause
movement of a limb is proporticnal to the distance travelled over ¢

5
squared, F = Ind/t” or F = ma, it was believed tha: the
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force (F) of a muscle, the greater the spesd of limb movement which could
be produced. When studied in humans, however, the maximum speed of limb
movement bore no relationship to the maximum iscemtric strength of the
agonist muscle group.

Although the study of maximum strength of an agonist muscle group
and maximum speed of movement has gone on for several decades, the present
status of our understanding o< this basic coordinated movement pattern
remains painfully inadequate. An enormous amount of literature exists
in support of the untenable notion that human movement does not obey the
basic principle of physics that F = ma since maximum strength of an agonist
muscle group simply does not correlate with maximum speed of limb movement.
Henry and Whitley (1960), tdenry (1960, 1962), Clarke (1960), Smith (1961a,
1961b, 1969), Rasch (1963), and Nelson and Fahrney (1363}, for example,
all studied the speed of various limb movements and reported non-significant
correlations witih maximal strength of the agonist muscles involved in
producing the movement.

Nork in our laboratory nas approached the problem differentiv and we
are now able to show that agonist muscle strength does not corrslate with
maximum speed of movement because the neuromotor coordination mechanism
has been overlooked by past researchers. Any attempt to understand the
mechanism involved in fast, ballistic, coordinated mecvement must consider
the sequential timing of activation of agonist and antagonist muscle groups
which control the application of force and produce any resultant movement.

In any movement of a limb, the force exerted by the prime movers mus:

Se ilarge enough t. overzcme the inertia of the limb and the force arciiad
by <he antagonists, Wwitl the prime movers in control, mcvement of the
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limb occurs as characterized by displacement, acceleration, and velocity
l® parameters. Liml:; movement decelerates when the force applied by the
antagonist is large enough to overcome the force of the prime movers.

Most biomechanical analyses of limb speed of movement have carefully

L’ measured acceleration, velocity, point of deceleration, and total movement
time. Unfortunately, the biomechanical approach has seldom--if ever--

sought an explanation of the motion being analyzed in terms of mechanisms.

e Traditional speed-strength investigations have limited themselves to the
study of the relationship between maximum strength of agonist muscles and
limb speed of movement parameters. Even more surprising, the sequential
order of muscle activation--which in effect produces and controls movement--
has been similarly overlooked.

As long ago as 1677 Descartes postulated that the interaction between
muscles was regulated by a series of valves which adjusted the flow of
animal spirits into flexor and extensor muscles. The question of actual

interacticn between agonist and antagonist muscles in humans has remained

a key issue in the neurophysiology of movement ever since. Soulogne (1867) RS

and Winslow (1732) believed that agonist and antagonist muscles contracted

et
R
LNy
..

simultaneously while Bell (1823) and Pettigrew (1925) contended that the

vy .
A
14

contraction of one muscle was accompanied by relaxation of its antagonist,
Later work by Beaunis (1889) and Demeny (1890) utili:ed kymographic
records and supported simultaneous contraction of agonist and antagonist
muscles. Sherrington (1906), however, promulgated his famous principle of
reciprocal innervation and showed that contraction of an agonist was

accompanied by innibition of the antagonist in laboratory preparations,
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“ Tilney and Pike (1925) studied many different actions in the upper limbs
and were able to verify the principle of reciprocal innervation in voluntary
human movement as they showed both agonist and antagonist active at the

*' same site.

The first electromyographic investigation of the problem by Golla and

Hettwer (1924) and later electromyographic studies by Stetson and Bouman

(1935), Hudgins (1939), and Bierman and Ralston (1963) suggested that the
type of movement being studied was important. Antagonist muscles were
usually found to co-contract during slow controlled movements, and found
not to co-contract during fast ballistic movements. Additional research
on the interaction between agonist and antagonist muscles in voluntary
movements Supports, in general, the phenomeon of co-contraction and that
a relationship exists between the speed at which a limb is moved and the
sequential order of muscle firing patterns.

A better understanding of the neuromotor control mechanisms involved
in 1limb speed of movement came about when the research methodology of
biomechanical analysis of motion was combined with the research methodology
of the neurophysiology of movement. The first comprehensive study assessing
the neurophysiologv and the biomechanics of limb movement was done in our
laboratory as part of a Ph.D. dissertation (Lagassé, 1973}. By monitoring
the time of arrival of nervous impulses to the biceps and triceps muscles,
the initiation of a rapid forearm flexion movement, veloéity, acceleration,
and total speed of movement, Lagassé was able to show that the sequential
orcder of agonist-antagonist muscle activation was a significant predictor

of speed of movement; the multiple R of .63 being the highest correlation




ever shown between limb speed of movement and a criterion measure related

to a probable mechanism. The addition of acceleration time, which alone
correlated with speed of movement r = .79, resulted in a multiple R of .90.
Lagassé also showed that practice influenced the timing and coordination
of the neuromuscular control mechanism, largely by a change in the agonist-~
antagonist sequential innervation patterm.

Individuals capable of the fastest speed of limb movement do not
contract agonist and antégonist muscles simultaneously to the degree that
slower subjects do. Marked co-contraction, therefore, characterizes poor
neuromotor control while definite separation of agonist and antagonist
muscle contraction patterns with a minimum of overlap characterizes skilled

neuromotor control. Changes in the agonist-antagonist contraction pattern,

furthermore, actually constitutes a pure measure of motor learning reflecting
an inherent nervous system capability to learn which might very well be
related to a number of other motor performance qualities inciuding motor
educability, the development of power, and the capacity to learn motoric
skill tasks.

As part of a grant from the U. S. Army Medical Research and Development
Command (DAMD 17-80-0101), we have been investigating the neuromotor coordination
mechanisms involved in rapid limb movements. ‘athematical models have been
developed using a two compartment représentation of the neurcrmuscular system
involved in voiuntary fast arm movements to a target. The first compartment
accepts averaged biceps and triceps EMG signals as inputs, aﬁd models the

arm's musculo-skeletal response by predicting angular positionQ {t) and

S

velocity @ (t) over the corresponding movement time. This is called the
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* E/Q/Q (t) model, short for EMG/elbow torque =-Q/elbow angular velocity ':'c

dQ/dt = @, and its defining equation is of the form: a;[
. o)
§ (t) = (Extensor torque Qg) - (Flexor torque Q). ifi”
" The second compartment of the model, called the command/neural {}f
control/EMG or Com/Cont/E model, accepts the volitional commands as inputs, ;;E
and models the nervous system response by producing a smoothed flexor ::i
and extensor EMG signals to feed into the E/Q/& model. Input commands o
are presumably via the pyramidal tract from the'cerebellum to the brain- ‘
stem and spinal cord (cf, Miles and Evarts, 1979).

The purpose of the two compartment model is to separate various L
control functions in the ballistic arm movement system well enough to té:-
understand where adaptation occurs as speed, precisicn, and coordination ;:5
changes occur due to practice. The appropriate connection of the two 2
compartment model provides a complete model for fast limb movement as EE?
driven by volitional commands (Kilmer, Kroll, and Congdon, 1981). Esé:

Analysis of the empirical data on limb movement and parameters in R
the mathematical model describing neuromotor coordination mechanisms shows Ei.
quite clearly that two major mechanisms are operative. The first mechanism Zi;
involves the temporal sequence of agonist and antagonist firing patterns. ?"
If the agonist begins its contraction without co-contraction of the .ig
agonist, faster limb movement is produced. Antagonist muscle firing, 5£ﬂ
however, is needed to allow precision of movement to a target. When the H:;
antagonist fires early so as to overlap with agonist firing, limb movement EEE
is slowed. If the antagonist fires later, thus allowing agonist contracticn &f'

to manifest itseli without competition, acceleration continues longer and
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b faster limb movement is produced. Indeed, one of the marked practice
effects found is that antagonist firing occurs later during the movement.

The second major mechanism involves the ratio of flexor to extensor

L EMG intensity and duration. It is self-evident that the flexor EMG

. intensity and duration must be greater than comparable extensor EMG
activity if a limb flexion movement is to be produced. As we have shown
(Kilmer, Kroll, and Congdon, 1981; Kroll and Kilmer, 1981), this flexor/
extensor EMG ratio is as critical as the temporal firing sequence of

agonist and antagonist muscles in producing fast and efficient limb

movement.

Thus, the temporal sequence of agonist and antagonist firing, and the
flexor to extensor EMG ratio intensity and duration are the most
critical neuromotor coordination mechanisms involved in limb movement
speed. Although our analyses suggest the existence of other factors
in limb movement, such as muscle fiber type composition and synchronized
versus asvnchronized motor unitbfiring patterns, the two major mechanisms
identified and quantified are capable of excellent prediction of limb
movement. The accuracy with which the mathematical model can predict
limb movement can be appreciated by an inspection of Figure 1. In
Figure 1, the solid line represents actual limb flexion displacement
in a fast movement and the dotted circles are the predicted positions.

As can be seen, predictions of model are extremely accurate.

Based upon results to date, it seems allowable to say that we

understand a great deal about the major neuromotor ccordination

mechanisms involved in fast human limb movement. The mathematical
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’ model described previously can predict the manner in which fast and efficient
P | limb movement can be accomplished. As mentioned before, functional electrical
stimulation (FES) techniques can be employed to stimulate human limbs in
accordance with optimized models for efficient limb movement. The final
issue is whether or not the blending of mathematical models of neuromotor

coordination mechanisms with functional electrical stimulation techniques

can produce real changes in limb movement patterns. That is, can functional
electrical stimulation administered as prescribed by a mathematical model
of neuromotor coordination produce any changes in the neuromotor coordination

mechanisms controlling limb movement?

Motor Control and Learning Theories

The wotk of Lagasse and his associates have shown that functional
electrical stimulation can produce improvements in limb movement patterns
without any physical practice. That is, functi.nal electrical stimulation
produced learning via electrical stimulation alone. The importance of
such "sensory imparted learning'", or SIL, cannot be fully appreciated with-
out some understanding of current theories of motor control and learning.
Any attempt to present the numerous theories in an adequate manner would
require a monumental effort, and is certainly not achievable in a concise
manner. Such an effort is necessary, however, to provide some basis of

reference against which to evaluate the significance of sensory imparted

e ¢ 9 € & v

learning to motor control and learning theory.

At the present time there are numerous models and thecries for motor
control and learning ranging from simple descriptive taxonomies and
hierarchical control models to highly technical information processing

and cybernetic control models (Singer, 19S0). In the contex: of motor
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k skill acquisition, however, there are two major categories into which.curren;
thecries vying for acceptance can be classified. One category is the open-

loop system of motor control and learning in which it is postulated that a

L motor skill is executed without being altered by any feedback or error

detection mechanisms. Thus, a movement is programmed, and once started,

the planned movement is unaffected by any peripheral feedback. Ballistic
movements requiring less than one normal reaction time for execution are

+ presumably under open-loop control. A second category is the closed-loop

system in which feedback from the periphery can alter the motor task during

h. its actual execution. The closed-loop system stipulates mechanisms
involving feedback, error detection, and error correction during the actual
execution of a movement task.

Open-loop proponents hold that a movement sequence obeys a response
chaining principle in which each serial aspect of the movement is conditioned
by the proprioceptive feedback of the preceding movement segment. Lashley
(1917, 1951) was an early proponent of an open-loop theory and held that
"...sensory factors play a minor part in regulating the intensity and
duration of nervous discharge.'” The most important feature in open-loop
theory is the central command mechanism while sensoryv feedback is viewed
as relatively unimportant. Indeed, some open-loop proponents contand that
sensory feedback is not even necessary. Taub and Berman (1960), for example,
» showed that monkevs could learn to squeeze 2 bulb in order to avoid a sheck
stimulus even when the involved limb was dea<ferentated. 1If feedback is

necessary for learning, it may be provided by an efference copv or coroilary

P discharze from the efferent ccmmand signal,
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L Closed-loop theories (e.g., Adams, 1971; Anokhin, 1969; Bernstein, :"-\.
1967; Xonorski, 1967; Sokolcv, 1969; § Schmidt, 1975), on the other hand, e

.\--'

place greater importance on concurrent feedback from an ongoing task. ﬁ&

b Schmidt (1975), for example, noted that '"In order for the subject to be ’:
able to receive information about the correctness of the movement in :?-

relation to the desired outcome, he must be able to compare the actual &Ei

feedback with the feedback expected." Keele and Summers (1976) likewise %::

F. stated that '...the skill must be executed for learning to occur, for e
only in that way will kinesthetic feedback be available for conditioning _ﬁ

to succeeding ﬁovements." In a paper proposing a model for sensorimotor 2}3

control and learning, Raibert (1978) stated that '"..,.active movement is
essential to motor learning and sensorimotor adaptation.' Raibert cited the
classical work of Held (1961) and Hein and Held (1963) in suppert of his
position.

Although this treatment of motor control and learning theory inadequately

represents the actual complexity of the topic, it does allow one to point

out the critical importance attached to the efferent signals from the central :f*

nervous system in the learning of a motor task. Whether viewed from open- =y
loop or closed-locop schemas, active movement produced by efferent signals A

programmed by central command mechanisms is considered to be absolutely
essential to motor skill acquisition. Present motor learning theories

clearly make no provision for motor skill acquisiticn without efferent

oS
signals producing active movement, '5?.
Ay
Since sensory imparted learming (SIL) has been demonstrated several ;il‘
N

times, it seems reasonable to suggest that functicnal eleczrical stimulation
applied in accordance with a model for neuromctor ccordination mechanisms o
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for limb movement produces a sensory stimulus pattern acceptable to the

central nervous system.responsible for motor learning. The 'language'" of

this central nervous system center obviously includes the relevant parameters
of (1) temporal/sequential firing patterns of muscles involved in the move-
ment Synergy, and (25 the EMG ratio representing intensity of agonist and
antagonist muscle contraction., Receipt of such relevant senscry stimulus
patterns is followed by development of efferent motor programs which '"match’
the sensory stimulus patterns and eventually become available under volitional
control. Thus, the term sensory imparted learning describes the sequence of
such motor skill acquisition. For convenience, the term ''reverse loop motor
learning' seems to have merit as a description of the sensory imparted

learning phenomenon in a theoretical context.

Sensory Imrarted Learning

Several investigators reporting on the efficacy of functional electrical
stimulation have nqted relatively long lasting effects upon performance
capabilities and have suggested such changes represent retraining or reorgani-
zation of the central nervous system (Gracanin and Marincek, i970; Gracanin,
Vrabic, and Vrabic, 1976; Waters, McNeal, and Perry, 1975; Vodovnick and
Rebersek, 1973). Such reports of neurological retraining, however, c¢annot
be said to be free of criticism. For example, observed improvements in
functional capacities could have resulted from improved muscle strength and
endurance rather than from actual changes in neural control mechanisms. In
all of the studies reported, improvement in neural contrcl mechanisms cannot

be separated rfrom improvements in muscle strength or endurance simply because

no assessment oY neural control mechanisms was ever made.
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°® It should be obvious that the parameters described in the mathematical v
model of neuromotor coordination mechanisms responsible for control of 1limb o
==
movement represent a suitable set of criterion measures for assessing 3:£~:
U‘..
. : . - {and
) reorganization of the central nervous system or neurological retraining.
Thus, we propose that any changes produced in these model parameters brought -7
about by a therapeutic regimen can be interpreted as actual changes in the e
® central nervous system separate from any changes produced in the peripheral
musculature. Furthermore, the question of whether functional electrical -
stimulation can produce such changes has already been answered in several - j-_
oo o : ’ : o 22
® crucial investigations conducted by Pierre Lagasse at Laval University in g
Quebec City, Canada, i
In a series of studies, functional electrical stimulation (FES) applied :f:;
® in accordance with neuromotor coordination principles has been shown capable ' i
of producing improvement in several physical performance tasks without Z;-:.
T
: N . ’ - s
benefit of actual physical practice. Fleury and Lagasse (1979), for example, -
° e
demonstrated FES to be an effective means for improving total reaction time N
‘.'h
and its central nervous system component of premotor time. Actual muscle ':'_l‘_v
contraction time (or motor time in fractionated reaction time nomenclature) ‘;f:
. n . -~ o R
L was the same in FES and phvsical practice groups of subjects. In a subsequent .
’ - . )
study, Lagasse, Boucher, Samson, and Jacques (1979) applied electrical
stimulation to three different paired muscle groups involved in a weight o
At
L J e . . ' .
lifting task, the clean and jerk 1ift. The muscle groups were stimulated
in a temporal sequential order equivalent to that exhibited by a hizhly :}'.:
skilled record holder for the clean and jerk lift. Male subjects (N = 12) :'.‘-'
® . . o .
stimulated with an "optimi:ed” muscle synmergy pattern showed imprcvement
N
without any physical practice, exhibiting acquisition of a groper motor e
@ -




o pattern for execution of the lifting task. Boucher and Lagassé (1981) later o
showed that maximum speed of a horizontal arm sweep task was significantly S
improved by functional electrical stimulation (FES), again based upon an "i
@ optimized pattern of neuromotor coordination control mechanisms. Significant -
changes in limb velocity, acceleration, and temporal firing patterns of the e
three involved paired muscle groups were shown. Thus, functional electrical
® stimulation--with no actual physical practice--produced changes in the
central nervous system. Motor learning was achieved strictly through a
sensory pathway. Q?;
| Sensory impérted learning (SIL) through use of functional electrical S
stimulation has been reported only once before, and even then some }K.

skepticism about the claims was apparent. Writing in Neural Organization

£l
[ and its Relevance to Prosthetics (1973), Reswick noted: ;

It was also at about the same time in 1965 that L. A, Alyeyev '*3

and S. G. Bounimovich reported some interesting developments in e
electrical stimulation from the Institute of Cybernetics in Kiev,
Alveyev had developed a multichannel stimulating machine which he "W

) called the Miotone. He claimed it operated on the following principle:
Myoelectric signals of muscles used in various functions previously
recorded on magnetic tape obtained from 'donors' were used to modulate
up to six channels of an electrical stimulating machine to produce 4
stimulation signals which were controlled by the original EMG patterns. .
He claimed to be able to produce thereby functicnal movements in -

b various types of paralysis in patients. These functional movements
produced by electricity not only caused muscle hypertrophy and improved o
metabolic functions but also assisted in the reorganization of the
central nervous system so that stroke patients were able to regain
control of various paralyzed functions. To date no controlled study

- has been reported to confirm these assertions.

S

It seems allowable to suggest that Alyevev and Bounimovich (1963) applied

[N )

functional electrical stimulation to hemiplegic limbs in accordance with a

£,

l'c

A
r .

) crude model of neuromotor coordination mechanisms, using EMG patterns from

—- . . / . . . R
""donors'. The series of studies bv Lagasse and his associates previousiv

MY
vy
RN
P S e

‘l,
2
)

>
¢
2

=
.

A e S e e e e e T e e e DI N -
AL W T W e T AP R TARE TS S P W T I N T N T . A D LR .
N ST I I TR S AT AV PRT BB GIPUT RPALE ST 1P VT VDY L TS T Y TEPETR IV DTG W UL

PP U P G S DYRE S W SR




L
n"'
. e
e
e
NS
I
c:\
L cited used functional electrical stimulation based upon an improved model
| of neuromotor coordination mechanisms and successfully produced improvement ﬁj
1 s Lo 7
| without physical practice in several performance tasks. Lagasse and his R
£ 9.2
r associates, however, were using only an improved model of neuromotor -

coordination mechanisms, and not the best model. Although the neuromotor
coordination mechanism of temporal sequence of muscle firing was controlled, ij;
the second major mechanism involving agonist to antagonist EMG duration and

intensity was not described until quite recently (Kilmer, Kroll, and -

Congdon, 1981). Thus, if functional electrical stimulation is applied 135
o
L J L . . . ;
using the full and most modern model of neuromotor coordination mechanisms Cn
for control of limb movements, even greater effects can be expected. F
o Summary -
[t has been proposed that the implicit goal of all neurophysiologically
based therapeutic exercise systems is to transmit sensory stimulus patterns
@

to the central nervous systemwhich are more intense than that produced
without benefit of proprioceptive facilitation. Implicit in such a treat- S
ment rationale is the belief that transmission of heightened sensory stimulus
patterns to the central nervous system will enhance recovery of lost
neurological functions. Various mechanisms for neurological function recovery

have been proposed: collateral sprouting, unmasking, reactive synaptogenesis,

b . . . . . L.
sublimal fringe neuron activaticn, reclaiming of ipsilateral nerve pathway
control tracts.
Motor command centers in the brain which have been damaged by some X
L J _ _ ‘
pathology can produce only inefficient and incorrect innervation commands S
I
‘ i
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to the muscles. Limbs afflicted by some pathological condition can produce
only inefficient and incorrect volitional movement patterns. Such igefficient
and incorrect volitional movement produces a sensory stimulus pattern which
is itself inefficient and incorrect, even if enhanced by proprioceptive
facilitation techniques. If recovery of central nervous system functioning
is dependent to any degree upon the quality of the sensory stimulus patiern
received, the recovery is likely to be slow and dependent upon gradual
improvement in the quality of the limb movement symergy which.produces
slight sensory stimulus patterns.

If, however, the sensory stimulus pattern transmitted to the central
nervous system from an afflicted limb was not an impoverished pattern,
but a sensory stimulus pattern representing optimally efficient limb movement,
the likelihood of improved neurological recovery might be enhanced. Such
a possibility now seems feasible because of developments in the areas of
functional electrical stimulation, neuromotor coordination mechanisms
controlling fast limb movements, and sensory imparted learning. These
relativelv Jdistinct areas of research have an obvicus relevance to each
other, and a blending of their complementary components holds promise for
a vastly improved rehabilitation regimen for neurological recovery. Based
upon a mathematical model of neuromotor coordination mechanisms £or optimally
erficient limb novement, functional electrical stimulation can be applied
to an afflicted limb which can produce an optimal sensory stimulus pattern
for transmission to the central nervous system. If neurological recoverv
is dependent to any degree upon the quality of the sensory stimulus pattern,
receipt of such optimized sensory stimulus patterns should be more effective

than anv present therapeutic exercise regimen. Since the functional electrical

M . - N « - L . -
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e stimulation is applied according to a mathematical model for neuromotor

coordination mechanisms, a suitable set of criterion measures are available
for assessing true neurological changes from changes in the peripheral

musculature.
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ABSTRACT A
@
Twenty male and twenty female subjects (ages 17 to 28 years) were ﬁ{
.:\'
measured for maximal isometric elbow flexion and extension strength, o
o

upper limb volume, lengths and girths. Female flexion strength was
54.3% and extension strength 58.,2% of males. Covariance adjustment for

body weight and upper limb volume increased female flexion strength to

7"8% and extension strength to 73% of males, but males were still signi- =

ficantly stronger. Arm girths and limb volume exhibited larger sex

v

differences than strength measures, Limb lengths were not as important

(SRR
P '.'.‘(“- d..l‘

as girths; and body weight and limb volume importance in strength pre-
diction differed in males and females. Multiple R's of .84 to .94 for -
T
strength resulted from a full set of anthropometric predictors. Simple e
measures of limb girths and lengths, with and without body weight, were 75{
as good or better than segmental limb volumes in strength prediction.
[t was clear that: (1) the importance of anthropometric measures as -
strength predictors differs not only between the sexes but between -
strength measures as well; (2) male and female differences extend beyond .
absolute differences in anthropometric measures and includes differences -
in the relationship of upper limb anthropometric measures; (3) body size oL
tuctors do not explain adequately the strength superiority of males.
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Composite strength indices based upon representative batteries of strength
measures have generally shown moderate but significant correlations with
various physique measures (Jones, 1947; Laubach & McConville, 1966, 1969;
Sills & Everett, 1953). The most common anthropometric measure assessed in
conjunction with strength is undoubtedly body weight followed in trequency
of usage by limb girths and lengths. Because of the accepted relationship
between muscle cross-sectional area and strength, the use of anthropometric
measures in strength studies seems logical. Unfortunately, much of the
research deuling with the relationship of strength and anthropometric measures
has been equivocal with many investigators questioning thc usefulness of
anthropometric measures in strength prediction (Cureton, 1947; Rasch §
Pierson, 1963; Smith § Royce, 1963).

Only a few studies have included both males and females making it difficult
to compare the importance of anthropometric predictors of strength between the
sexes. Even fewer studies have included segmental 1imb volumes specific to
the muscle group being studied. Due to provisions of the Equal Employment
“pportunities Act, the increased presence of females in the military, and
the growth of organized athletics for females, renewed attention has been
1iven to ditfferences and similarities of strength and related parameters in
females and males. In the present study, equal numbers of males (N=20) and
€ females (N=20) were measured for maximal isometric strength of elbow flexion
and cxtension, Strength measures were then correlated by sex with body weight,
limb lenuths and girths, and segmental upper limb volumes, As will be shown,
- the importance and effectiveness of anthropometric measures as strength

rredictors Jdiffers not only between the sexes but between strength measures

as well.,
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MATERIALS AND METHODS

Twenty male and twenty female subjects (ages 17 to 28 years) were given
medical clearance and signed informed consent forms as prescribed by university
guidelines for the protection of human subjects. Each subject completed three
data collection sessions within a one-week period. Half of the subjects con-
tinued on in a longer study of arm movement speed to be reported elsewhere.

Anthropometric measures. In addition to body weight, segmental limb

volumes for the right upper arm, forearm, and hand were determined using a
vater displacement technique (Dempster, 1955; Katch § Weltman, 1975). Seg-

mental volumes were also estimated by an anthropometric technique (Katch &

@ Weltman, 1975; Sady et al., 1978). Measures of limb lengths and girths
required for volume estimation, and employed as separate predictors of strength,
were as follows.

| Lengths

L1 acromion process to deltoid tubercle

L2 deltoid tubercle to olecranon process

L3 olecranon process to styloid process of ulna
L4 styloid process of ulna to tip of third finger

Girths

AC circumference at acromion process
DEL  circumference at deltoid tubercle
ELB circumference at olecranon process
€ WJS  circumference at distal space to styloid process of ulna
(wrist joint space)
HND  thickness of base of hand, cross-section height thenar eminence
and hypothenar eminence

Isometric strength. Four 5-sec maximal isometric contractions were

srcured for right elbow flexion and extension strength. Each trial was
separated by a l-minute rest interval and the flexion-extension series by
a 7-10 minute rest interval. The order of flexion and extension testing was
o
o
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balanced over subjects with no differences in mean strength due to order of

testing being detected. Two trials were maximal voluntary contractions (MVC)
measures where subjects were instructed to exert a maximal contraction for
S5-seconds. The other two trials were fast MVC (FMVC) measures where subjects
were instructed to reach maximum tension as quickly as possible and maintain
maximum until commanded to stop. Peak tension output of each trial was taken
as maximum strength.

Subjects were tested in a sitting position, the chest braced against
a padded table support, with a wide nylon belt around the upper body to
prevent movement away from the test apparatus. The upper arm was parallel to,
and supported by, the table top at a 90 degree angle to the shoulder. The
forearm was positioned at angles of 75 degrees for flexion and at 90 degrees
for extension, In accordance with Basmajian and Latif (1957), the elbow
angles are given as the compliment of the angle between the forearm and the
upper arm. A wrist cuff connected via an adjustable steel cable to a Statham
strain gauge which monitored tension output and was recorded on a Beckman Type
R Dynagraph. The angle of pull for all trials was at 90 degrees to the strain
gauge with the hand positioned midway between supination and pronation. Fore-
arm position is known to affect the expression of elbow strength but the use
of a wrist cuff effectively eliminates such effects (Provins § Salter, 1955).
Alteration in forearm position from the midline during maximal efforts would

thus not affect the expression of maximum strength.
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l® Table 1

Mean Values for Isometric Strength (KG)

h Male Female
(N=20) (N=20)
Mean SD Mean SD

u. Flexion
MVC 21.3 4,7 11.6 3.2

FMVC 21.1 4,4 11.6 2.9

4 Extension
MVC 17.7 3.5 10.3 3.3

FMVC 17.3 4.1 10.6 3.6
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RESULTS

As seen in Table 1, maximum isometric elbow flexion strength was higher
than extension strength by 20% in males and 12.1% in females. The superiority
of elbow tlexion strength 1s a common finding in males (Knapik & Ramos, 1980;
Singh § Karpovich, 1968), in females (Kroll, 1972), and in elite, trained
weight lifters and middle distance runners (Tornvall, 1963). Higher elbow
tlexion strength prevails even though the brachial triceps typically possesses
a higher percentage of fast-twitch muscle fibers (Buchthal & Schmalbruch, 1970;
Johnson et al.,, 1973), and has a larger physiological cross-sectional area
*An et al., 1981). One factor enabling the elbow flexors to produce higher
strength 1s a decided mechanical advantage. The major flexors of the forearm
‘biceps brachii, brachialis, and brachioradialis) have force arms two to four
times longer than the brachial triceps (Ikai § Fukunaga, 1968; Morris, 1948;
Wilkie, 1950).

Males were significantly stronger than females on both elbow flexion and
¢lbow e¢xtension isometric strength as other investigators have reported
cPetrofsky § Phillips, 1980; Singh § Karpovich, 1968). Female flexion strength
was 54.3% and extension strength 58.2% when expressed as a percentage of male
strength, flettinger (1961} reported female elbow flexion and extension

strength as being 55% of males, which is comparable to the present results,

while Singh and Karpovich (1968) reported smaller values of 48% (extcnsion) e

-
Ay

R
j

and 34% (flexion)., Nordgren (1972) found female elbow flexion strength to be

R

. i

51% and extension strength 52% of male strength. -
~

There were no significant differences between MVC and FMVC strength in e
~itvher maies or females. Observed differences were less than one kg with f}i
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males exhibiting higher MVC and females higher FMVC values. Caldwell et 1il, =
pae
o . 1974) and Rupp and Baranowski (1934) also reported no difference between <
slcw and fast expression of maximum grip strength. In elderly males, however, ﬂj;
o
a fast maximal voluntary contraction produces a significantly higher 1sometric nj
N
n
@ strength by some 19% compared with a gradual expression of isometric knee
extension strength (Clarkscn et al., 1981). MVC and FMVC strength correlated -i
highly in males and females with r's ranging from .88 to .98. Since there ;i-
o
PY were no differences between MVC and FMVC absolute values, and since the e
measures werce so highly correlated, all further data analysis reports only the -:5
MVC results. ::;
r::
M
ﬁ ________________________________________________________________________________ -n
TABLE 2 ABOUT HERE s

Anthropometric measures. As seen in Table 2, males and females differed

significantlv on all anthropometric measures except L1 (acromion process to
deitoid tubercle) and L3 {(olecranon process to styloid process of ulna). Males
were 14,1 kg or 23.5% heavier than fenales in body weight while total upper

limb volume was 1,191.8 ml or 43.9% larger in males. Differences in arm girths

v e

“ .

o
s

ranged from 13.6% to 18.2% and in limb lengths from 5.25% to 10.9% in favor of ::f
the males. Thus, arm girths and limb volume exhibited larger sex differences ft’
c N
than limb strength measures. :
In a study involving 41 adult males Roberts et al. (1959) reported that }
upper arm girth correlated negatively with four longitudinal measures (height, ﬂ{
N
L 3 . .
upper arm length, forearm length, and hand length). The same general relation- _
ship is seen for males in the present study (see Table 4) with AC girth R
RN
{circumference at acromion process) and DEL girth (circumference at deltoid :;
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Table 2
*’ Means for Body Weight (kg), Girths (cm), Length (cm), and Limb Volume (iml)
Male Female
(N=20) (N=20)
L Mean SD Mean SD
Body Weight 74,0 6.1 59.9 7.8
Girths
AC* 41.0 2.8 34,7 2.5
DEL* 29.6 2.4 25.9 2.0
ELB* 27.8 1.3 23.7 1.2
WJS* 17.6 0.6 15.4 0.6
HND* 5.0 0.3 4.4 0.5
Length
L1 i4.4 2.1 13.5 1.5
j2* 15.2 1.0 13.7 1.1
L3 24.3 2.3 23.1 1.6
Ld* 21.0 0.9 19.3 0.9
L.imb Volumes
SEGL* 1443.3 292.1 1012.6 2243
SEGZT 1003.5 160.4 682.4 121.1
SEG3™* 1034.5 106.9 718.1 106.5
SEGE* 428.4 61.5 304.8 41.0
fotal* 3909.7 479.1 2717.9 435.9

“Significant difference between males and females, p < .01,
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tubercle) cach failing to correlate significantly with any of the four limb
| length measures. In females, however, five out of the eight possible correla-
tions between these two girth measures and the four limb length measures were
<ignificant. Differences between males and females thus extend beyond absolute
® ditferences in anthropometric measures and includes differences in the relation-

ship of anthropometric measures in the upper limb as well.
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Observed strength differences between men and women are presumed to be

. strongly influenced by over-all body size rather than by muscle quality.
Comparison ot male and female strength, therefore, is more prudent if body size
factors can be controlled. In the present study, both body weight and total

® upper limb volume demonstrated significant relationships with strength but the
relationship was different in the two sexes. A covariance analysis was there-
‘ore made to control for the influence of both body weight and upper limb volume

| upon strength. The adjusted means for male and female elbow flexion and exten-
sion strength are presented in Table 3, The effect of covariance adjustment for
hody size 1s best observed when female strength is expressed as a percentage

|~ of male strength., Initially female flexion and extension strength was 54,3%
and 38.2% of male strength. Adjusted for body weight and upper limb volume,
temale flexion and extension strength increased to 78% and 73% of male strength.

< In agreement with others (Hoffman et al., 1979; Morrow & Hosler, 1981), however,
male strength was still superior even after covariance adjustment for body
SLZEC.
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Table 3 eh!

L5t
k Adjusted Means for Flexion and Extension Strength in Males and Females

Male Female % Strength v
(N=20) (N=20) (Female/Male) -

Flexion
Raw 47.00 25.50 54% S

P Adjusted 40.51 31.90 78% Lo

Extension R
Raw 39.10 22.70 58%

® Adjusted 35.60 26.30 73%
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L. TABLE 4 ABOUT HERE
r Inter-correlation matrix, Total upper limb volume in females correlated
significantly with all other variables (see Table 4). In males, however,

total upper limb volume failed to correlate with body weight (r=.35, ns), hand
L’ 2irzh (r=.24, ns), length 3-forearm (r=-.04, ns), or with any of the strength

measures (r's from .05 to .34, ns)}. Body weight correlated significantly with
MVC flexion strength in males (r=,69, p < .01) and in females (r=.59, p < .01)

but failed to correlate with MVC extension strength in either sex. Girth

€

measures had more and higher correlations with strength measures in females than

in males. Of the eight possible correlation coefficients for limb length with
strength measures, two correlations were significant in females (both with

flexion strength), and only one correlation was significant in males. Limb

tength 3 (forearm).and length 4 (hand) correlated with MVC flexion strength

fr=.60 and .71) in females while in males these limb lengths showed no relation-
saip with strength., The general impression given by the correlation matrix
suggests that limb lengths are not as important as limb girths, and the importancc
»f hHody weight and limb volume differs between males and females in the prediction
- of elbow flexion and extension strength.

Multiple correlation analysis. A better understanding of the relative

importance of anthropometric measures in the prediction of isometric elbow

i d tlexion and extension strength can be realized by multiple correlation analysis.
Using <tepwise multiple correlation, analysis was made in a sequential stage-
wisc tashion with each stage including a different set or combination of anthropo-

- metric predictors. In the first stage, body weight (BWT) and total upper limb
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volume (VTOT) were the only predictors. Next, body weight and segmental limb
volumes were used as predictors followed by segmental limb volumes and total
upper limb volume. Limb lengths and girths, with and without body weight and
segmental limb volumes, were used as predictor sets to contrast the predictive
et’iciency of simple length and girth measures with limb volume and body weight
measures. The final analysis used the full set of anthropometric measures to
predict elbow flexlon and extension MVC strength in males and in females.
Results of the multiple correlation analyses are presented in Table 5. The
decision rule for the inclusion of a predictor was that it must increase R2 by
at least five percent or that deletion must not decrease R2 by more than five

percent.
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Limb volume would logically be expected to correlate more highly with limb
strength than the more global anthropometric measure of body weight. Given the
two predictors of body weight (BWT) and total upper limb volume (VTOT), however,
BWT is a better predictor of male flexion strength (r=.69, p <,01) and extension
strength (r=.24, ns). In females, however, VTOT is a better predictor than BWT
for flexion strength (r=.72, p <.0l) and extension strength (r=.63, p < .01).
~11 subsequent multiple correlation analyses produced higher R's than the above
which usad only BWT and VTOT.

Multiple correlations using BWT plus segmental limb volumes were as good
or better than prediction equations employing segmental limb volumes plus VTOT.
in both scts of equations elbow flexion strength was better predicted than

extension strength, Only limb volume segment 2 (deltoid tubercle to elbow)
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i Table 5 L
Multiple Correlation Analysis* :S
Fod
® .

Body Weight (BWT) + Volume Total (VTOT) R <
Yale '.-;'"_
i‘lexion BWT (47.6%) .69 -
- Extension BWT (5.8%) .24 )
Female R
Flexion VIOT (51.8%) .72 =

L4 xtension VTOT (36.1%) + BWT (36%) .60
v + Limb Volumes o
tlale 2
® Ilexion BWT (47.4%) + SEG2 (10.1%) + SEG3 (7.7%) .81 0
Extension SEG2 (13.7%) + SEG3 (20.2%) .58 .
Female %
w Flexion SEG3 (60.1%) .78
R
Extension SEG3 (45.1%) + BWT (11.0%) .75 o
Limb Volumes + VTOT R
(‘.‘
) Male e
Flexion SEG2 (44.1%) + SEG3 (10.3%) .74 o
Extension SEG2 (13.7%) + SEG3 (20.2%) .58 "3
\‘\
< FFemale -
lexion SEG3 (60.1%) .78 .

Fxtension SEG3 (45.1%)
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Limb Lengths + Limb Girths R
4 Males
Flexion DEL-G (46.3) + L1 (6.8) + L4 (8.8) .79
Extension DEL-G (31.4) + ELB-G (11.8) + HND-G (13.0) +
® AC-G (13.1) .83
Females
Flexion ELB-G (53.1) + L4 (16.4) .83
4 Extension ELB-G (64.6) + WJS-G (4.8) + HND-G (5.5) .87
Limb Lengths + Limb Girths + BWT
Males
- lexion BWT (47.4) + DEL-G (13.8) + WJS-G (4.6) +
L3 (6.0) + AC-G (5.3) + HND-G (4.1) .90
Cxtension DEL-G (31.4) + ELB-G (11.8) + HND-G (13.0) +
() AC-G (13.1) .83
Females
IFlexion ELB-G (53.1) + L4 (16.4) .83
U] Extension ELB-G (64.6) + BWT (5.5) + HND-G (4.8) .87
Limb Lengths + Limb Girths + Segmental Volumes + VTOT
Males
® 'lexion DEL-G (46.3) + L1 (6.8) + L4 (8.8) + SEG3 (3.1} +
L2 (7.4) .85
Extension DEL-G (31.4) + SEG3 (18.2) + AC-G (13.0) +
- SEGA (7.7) .84
Females
Flexion SEG3 (60.1) + ELB-G (3.1) + WJS-G (4.0) +
- .1 (2.2) + AC-G (5.2) + HND-G (7.8) .94
Extension ELB-G (64.6) + WJS-G (4.8) + HND-G (5.5) .87
®
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All Predictors

Flexion BWT (47.4) + DEL-G (13.8) + WJS-G (4.6) +
+ SEG1 (5.95)
Extension DEL-G (31.4) + SEG3 (18.2} + AC-G (13.0) +

SEG4 (7.7)

Flexion SEG3 (60.1) + ELB-G (3.1) + WJS-G (4.0) +

Ll (2.2) + AC-G (5.2) + HND-G (7.7)

txtension ELB-G (64.5%) + BWT (5.5%) + HND-G (4.8%)
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.88

.84

.94

.87

. C s . . 2
~Values in parentheses indicate contribution to R™.
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and limb volume segment 3 (forearm) were selected from the volume predictors.

BWT was added to SEG 2 and/or SEG 3 predictor sets raising the multiple R
from .74 to .81 for male flexion strength and from .67 to .75 for female
extension strength.

Limb length and girth predictor sets produced generally higher multiple
R's than predictor sets employing segmental limb volumes, VTOT, and BWT. All
extension strength predictors in males and females were girth measures while
prediction equations for flexion strength had fewer predictors and contained
both 1imb length and limb girth measures. Unlike prediction equations using
segmental 1limb volumes, prediction equations using limb lengths and girths
produced higher multiple R's for extension than for flexion strength. The
addition of BWT to limb length and girth predictor sets improved the multiple
R only for male flexion strength, r increases from .79 to .90.

When all predictors are included in the multiple R analysis (BWT, limb
lengths and girths, segmental limb volumes, and total upper limb volume), the
multiple R for male flexion strength containing five predictors of .88 is
actually less than the mutiple R of .90 based upon six predictors without
scgmental limb volumes., For male extension strength, a multiple R of .84
with four predictors including segment limb volumes is quite similar to the
multiple R of .83 based upon four limb girth predictors. A similar situation
exists for the females. Regardless of whether segment 1limb volumes are
included in the regression analysis, the same three limb girth measures are
chosen for extension strength prediction. A six measure prediction equation
including segmental limb volumes produces a multiple R of .94 for female

flexion strength while a six measure prediction equation including only limb

lengths, girths, and BWT produces a multiple R of .90,
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DISCUSSION

The present results agree with many previous reports (Borchardt, 1963;
Petrofsky & Lind, 1975; Rasch § Pierson, 1963; Royce, 1958; Smith & Royce,
1963) which have failed to show a consistent relationship between body weight
® and isometric strength. The present study showed a significant correlation

between BWT and MVC flexion strength in both males (r=.69, p <.01) and females
(r=.59, p <.01) but BWT failed to correlate with MVC elbow extension strength
® in either sex., Body weight correlated significantly with total upper limb
volume (VTOT) in females (r=.77, p <.01) but not in males (r=.35, ns). VTOT
correlated significantly with female elbow flexion strength (r=.72, p <.01)
@ and female e¢xtension strength (r=.62, p <.01), but not with male strength
measures. Thus, the relative importance of body weight and total upper limb
volume as strength predictors differed between males and females and between
® elbow flexion and extension strength.
In agreement with others {Laubach § McConville, 1966; Tornvall, 1963),
limb girth measurcs were better than limb lengths as strength predictors.
® ‘1. wever, this generalization requires some qualification. Although it is
truc that no limb length measures appeared in any prediction equations for
clbow extension strength, several limb length measures did appear in elbow

flexion strength prediction equations. The appearance of L4 (hand length)

€
as a significant predictor of flexion strength in several equations is of
interest, Roberts et al., (1959) also found that hand length correlated

le significantly with male flexion strength (r=.59) and extension strength (r=.42).
Hand length (L4) appeared in six of the 16 multiple correlation analyses using
110 girths and lengths as part of the predictor set. In every instance

® hand tergth appeared in prediction of flexion strength (four times for males,
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twice for females), but never in prediction equations for extension strength.
Since all strength measures were secured using a wrist cuff, the hand could
not participate in, or contribute to, the actual expression of strength.

The importance of hand length in elbow flexion strength prediction
cquations could reflect some inherent feature of skeletal size, lever length,
or somatotype related to isometric strength. The fact that hand length did
net appear in any extension strength prediction equations, however, weakens
support for such a speculation. In addition, body weight correlated signi-
ticantly only with flexion strength in both males and females. Coupled with
the finding of flexion over extension strength superiority in both sexes,
the 1mportance of hand length may be related to a recent observation by
Goslin and Charteris (1982) concerning the arboreal heritage of humans.
According to these authors, flexion strength superiority would be logical in
arboreal locomotion where the elbow is chiefly used for suspension. On similar
shylogenetic grounds, flexion strength superiority would be advantageously
served by a longer hand for climbing and arboreal locomotion.

The absence of limb length measures in elbow extension strength prediction
ecyuations was also reported by Roberts et al. (1959) and may be due to ana-
tomical features of the triceps brachii muscle. It is known that the three
triceps brachii components have a larger volume but a shorter fiber length
as compared to the biceps brachii muscle (An et al, 1981), Being a bipennate
muscle with shorter and more obliquely running fibers, the triceps girth
measure would logically be more important than length measures. The biceps
brachii muscle, on the other hand, is a fusiform muscle with its fibers
c<tending tae entire muscle length, and one might expect 1limb length measures

t+ be of more importance in the expression of elbow flexion strength.
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In a study involving 41 adult males, Roberts et al. (1959) found that the
[ multiple R's were slightly but consistently lower for prediction of elbow
flexion than for elbow extension strength. No such consistent pattern in the
present study was found although prediction equations for elbow flexion strength
o generally contained a greater number of predictor items than extension strength.
Although Roberts etal. (1959) measured height, weight, three 1limb lengths,

and two limb girths, their multiple correlation analyses reported only predictor

@ sets of three measures; two of the three measures were always height and weight.

The highest multiple R's they reported for prediction of elbow flexion (R=.73)

and extension strength (R=,76) were lower than all multiple R's obtained in

@ the present study which included body weight and limb lengths and girths as

part of the predictor set. The multiple R's in the present study, ranging

from .84 to .94, for the full predictor set analyses, are the highest multiple

R's reported to date for elbow flexion and extension strength using anthropo-

metric measures as predictors.

!
Based upon all analyses conducted, the present results strongly support

the contention that, compared to segmental limb volumes, limb lengths and

sirths are better predictors of elbow flexion and extension strength in both

male and female subjects. The difference in multiple R's obtained with and

without segmental limb volumes are small and not significantly different,

Anthropometric assessment techniques for estimating segmental limb volumes,

moreover, require all of the anthropometric limb girth and length measures

reported here to be obtained, As far as the results of this study are con-

cerned, simple measures of limb girths and lengths, with and without body

weight, are as good or better than segmental limb volume measures in the

prediction of elbow strength in females and males. It is also rather clear



that the importance of anthropometric measures as strength predictors differed

not only between the sexes, but between elbow flexion and extension strength

as well. T
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